Evaluating the impacts of forest harvesting and natural disturbance events on sediment yields in small watersheds throughout British Columbia, Canada by Spicer, Christian Percival (author) et al.
VALUATINGTH IMPACT O OR THARV TIN ANDNATURAL 
DI TURBANC V NT ONS DIM .. NTYI D IN MALLWAT RSH DS 
THROUGHO T BRITI H O UMBIA, ANADA 
by 
hri tian P. p1cer 
B. c., Univer ity of Victoria, 1996 
THESIS UBMITTED IN PARTIAL FULFILLM NT OF 
THE REQUIREMENTS OF THE DEGREE OF 
MASTER OF SCIENCE 
m 
ENVIRONMENT AL SCIENCE 
© Christian Spicer, 1999 
THE UNIVERSITY OF NORTHERN BRITISH COLUMBIA 
April 1999 
All rights reserved. This work may not be reprodu ed in whole or in part, by photo opy or 
other means, without the perrni ion of Lhe author. 
Abstract 
Many tudie have inve tigated 1 gging related effe t n ediment movement in 
catchments, however few have connected their finding to sediment changes caused by 
regional di turbances uch a earthquake and wildfire . In thi tudy, geographic 
information y tern technology (GIS) and 210Pb dating are u ed to generate the regional data 
ets that contain annual harve t acti vi tie and corre ponding ediment yield for 11 central 
interior and 10 coa tal Briti h Columbia catchment . The ob erved change in ediment 
yield as ociated with hi torical ba in di turbance are di cu ed. Stati tical compari ons 
between annual ediment yield , harve t activities and other land u e practice are made. 
Variables are compared through multivariate techniques to determine their statistical 
relationships at the catchment scale. 
The data highlights potential problems in attempting to relate historical ediment 
yield changes to events older than 50 years of age. However, the record of more recent land 
use activities are used to investigate the potential for a statistical relationship between 
forestry practices and sediment yields over recent times. Results indicate potential mcrea e 
in sediment yields due to the onset of forestry activities, earthquakes, storms and fire activity. 
Forest cut blocks on steeply sloped areas that are close to transport channels are tatistically 
identified as influences of inorganic and organic fine sediment yields in downstream lake . 
Streamside harvest, stream crossings and road construction are other factors that are 
identified as potential activities that increase sediment yield . Basin lope also play a 
significant role. 
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Chapter 1: Introduction 
Rationale 
It i widely known that fore try related activitie can have an impact on local tream , 
however it i not widely known how the e activitie influence lake (Be chta, 1978; 
Chamberlin, 1982; Hogan, 1987; Harr and Fredrik en, 1988: Davie and Nel n, 1993). 
Investigation of fore try impact at the catchment cale have in the pa t been minimal , and 
links between tream proce e and ub equent lake re pon e ha only been theorized (Miller 
et al. 1996). 
Inve tigation have found that logging activitie uch a road building and clear-
cutting lead to direct increa e in ediment loading to tream (Brown and Krygier, 1971 ; 
Beschta, 1978; Blackbum et al. , 1990). Road cut and cleared areas accelerate processes of 
erosion, slope failures , landslides and subsequently influence local stream ystem 
hydrographs (Hornbeck et al., 1970; Hornbeck, 1975 ; Reid et al. , 1981 ; Bosch and Hewlett, 
1982; Verry et al., 1983). However, many of the studies researching the impacts of forest 
harvesting focus on the small scale, site specific processes - usually very near to streams. 
Larger scale experimental studies are thought to be impractical (Ziemer et al. , 1991). 
Many studies lack the funding for long term measurements and are therefore limited 
to a small temporal and spatial range, mainly measured within pre- and post-harvest water 
quality studies (Fredriksen et al., 1975; Davies and Nelson, 1993). Therefore, the ability of 
site specific, short term studies to incorporate regional event and long term harvest impacts 
over a given catchment are reduced. Comparisons between forestry activities and other 
natural disturbances at the catchment scale, in tenns of effect and magnitude, have not been 
made. 
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Paleolimnology ha been u ed in vari u tudie to recon truct the environmental 
hi tori es of lake and their surrounding area . A variety of dating technique exi t to a se 
the sediment record, including 2 10Pb, 137 , pollen analy i and indicator layer that can be 
dated through hi torical event (Desloge , 1994; allaway et al., 1996- Appleby, 1997). 
Studie have inve tigated edimentation rate , pho phoru retenti n lake eutrophication and 
the reconstruction of local vegetative hi tory u ing the e method ( van and Rigler, 1980; 
Kremenetsky 1995· Reavie et al. , 1995). The potential to u e the lake ediment repository as 
an indicator of long term, catchment cale, fore try related impact has not been fully 
utilized. 
The use of paleolimnological tool to reconstruct lake ediment yields can provide 
long term information as to the effect variou activitie have had on the ediment record and 
therefore on the sediment load ob erved in streams upplying the ampled lake. The 
technique allows for a long term, large scale investigation of the effects forest practices have 
on lake sedimentation yields and in addition, puts those changes into the context of regional 
natural disturbance history. In this study storms, fire and earthquakes were identified by date 
and location and evaluated in the context of sediment yield increases to estimate the 
magnitude change. Basin logging histories were investigated in the same way and compared 
to natural disturbance and background sedimentation levels. 
Study objectives 
The objectives of this study were to determine: 
l) if logging activities influence sediment yield 
in small catchment ; 
2 
2) if natural di turbance uch a torm , fire and earthquakes 
are evident in hi t rical ediment yield records· 
3) if pecific logging technique have an 
influence on ediment yield ; and 
4) if difference in the e relation hip can be ob erved 
between the coastal and interior regi n of the province of 
Briti h Columbia. 
Project overview and design 
This research utilize the paleolimnological tool of ediment coring and 210Pb dating 
combined with geographical information sy tern (GIS) technology. Two sets of twelve lake 
basins were selected: one from the Prince George area to serve as the interior sample set and 
one from the west coast of Vancouver Island (Figure 1-1 and 1-2). Selection criteria 
included similar physical characteristics, availability of lake bathymetry, simple drainage 
networks and location in a uniform biogeoclimatic zone. Lake bathymetry was necessary to 
locate core extraction sites and to identify, for exclusion, lakes which have bathymetric 
features that limit the ability of achieving representativeness of the duplicate core samples. 
An attempt to select lakes with first order basins was made to limit confounding factors 
involving upstream sediment supply or torage from other lakes. 
Core samples from the lake sites allow for the estimation of annual ediment yield 
and organic input values over approximately one hundred years. The e were compared with 
harvest practice variables (such as% area harvested, road density, streamside harvests and 
road crossings of streams) that theoretically hould affect the amount of delivery. Hi torical 
records on earthquake and storm locations, date and magnitudes obtained from the Pacific 
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Figure 1-1: Interior study sites 
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Geo cience Center and nvironment Canada climatic rec rd were correlated with the 
hi torical record of ecliment yield produced for each catchment. 
Geographical Information y tern (GI ) were u ed t characterize ba in cutting 
history a well a all other morphometric and impact characteri tic a ociated with each 
sample site uch a tream ide logging and average lope. Ministry of F re ts' (MOF) fore t 
cover layer were u ed in combinati n with Mini try of nvironment' (MO ) Terrain 
Resource Inventory Mapping y tern (TRIM) in an Arc/Info ba ed GI ystem. A logging 
impact tati tic wa calculated per annum for each ba in, which take into account cut block 
slope and down- lope di tance to tran port channel or lake hore, ba ed on a digital elevation 
model (DEM) generated from the TRIM contour layer. 
Visual and tatistical analysi techniques were employed to investigate the study 
objectives outlined above. Multivariate analysi in the form of canonical correlation (CC) 
was used to compare yields to basin impact and morphological characteristics, while visual 
display, principal component analysis (PCA) and univariate regres ion reinforce the 
reliability of results and final interpretations. 
Chapter overview and papers 
Chapter two presents a literature review, while chapters three and four contain 
individual papers. The first paper focuses on natural versus forest harvest impacts on 
historical yields and the observed influence each exhibits over the entire historical record, 
both pre- and post logging. It is entitled "Evaluating the impacts of logging, mining, wildfire 
and earthquakes on sediment yields in small catchment throughout the coastal and interior 
regions of British Columbia, Canada." 
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The econd paper in chapter four lo k at the influence of 1 gging activitie in the 
elected catchment from their on et to pre ent day within the ediment record. It 
inve tigate the influence of different logging technique on yield and determine which 
individual logging practice are ignificant factor at coa tal and interior ites. atchment 
ub et for each region were c mpiled ba ed n morphometric imilarity and compared to 
analytical re ult from the full data et ( heong 1993). Thi paper i entitled "Determining 
the relationship between harve ting, roading and m rphometric variable to hi torical 
sediment yield variability of coa tal and interior catchment of British Columbia, Canada." 
The final chapter summarize the finding from both paper and conclude the thesis. 
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Chapter 2: Literature review 
Sediment yield and basin processes: A global overview 
Global ero ion ha been e timated to upply between 8.3 to 5.1 x 109 tonne of 
material per year to the world' ocean (Walling and Webb, 1996). The inten ity of 
mechanical denudation, or phy ical breakdown, and therefore edimentation throughout the 
world increase with altitude relief and proximity to the equator (Dedkov and Mozzherin, 
1996). Measures of uspended sediments in tream have been accepted as an indicator of 
the amount of erosion that take place within a catchment area (Dedkov and Mozzherin, 
1996). However, it is u eful to recognize that limitation exi tat different spatial scales due 
to the potential for in-stream storage of ediment . 
Climate, stream discharge, cultivation, topography and geology all influence the 
amount of suspended sediment found in streams. With an increase in stream di charge, 
corresponding increases in erosion within a catchment generally occur, depending upon 
sediment supply (Hadley, et al., 1985; Dedkov and Mozzherin, 1996). Sediment delivery per 
unit area decreases with an increase in basin size, but sediment loads are observed to increase 
or remain constant due to intermediate storage within basins (Meade, 1982; Walling, 1983; 
Dedkov and Mozzherin, 1996; Walling and Webb, 1996). Intermediate storage of ediments 
in the world's rivers, on footslopes and in talus cones at the catchment scale is thought to 
play an important role in sediment transport and the timing of delivery. (Nakamura et al., 
1995; Dedkov and Mozzherin, 1996; Walling and Webb, 1996). 
Global modeling of sediment yield with climatic and morphological variation 
revealed that the best indicators of yield within a catchment were drainage density, slope, 
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rock hardne and rainfall variability (Ludwig and Pr b t 1996). The mineral and rgan1c 
content of that yield wa related to topography. Lake ba in draining catchment with gentle 
relief received proportionally great r amount of organic matter, wherea teeper catchments 
supplied relatively greater proportion of mineral matter. Fa ter water fl w a ciated with 
steeper catchment lope may have enhanced mineral er ion (Hall and mol, 1993). 
The major factor influencing ero i n in drainage ba in under 5000 km2 world wide 
were found to be runoff and agricultural cultivation (Meade, 1982). oil erosion was 
increased by a factor of ten in North America when ettlement began and subsequent clearing 
of forests for cropland took place (Meade, 1982). Under natural conditions, yield in 
mountainous areas would be 28 time tho e from low sloped region . However, due to 
anthropogenic influence , that ratio is reduced to 3.2 time (Dedkov and Mozzherin, 1996). 
Other increases in yields throughout the world are attributed to forest clearance in up tream 
catchment areas, gold mining and earthquakes (Dedkov and Mozzherin, 1996; Walling and 
Webb, 1996). Earthquakes play an important role, for they can cau ea short-term but very 
marked increase in the processes of mechanical denudation and ero ion (Dedkov and 
Mozzherin, 1996). 
In a review of suspended sediment loads measured by the Water Survey of Canada, 
Church and Slaymaker (1989) found that these relationships didn't necessarily hold true for 
British Columbia. Catchments between 40 km2 and 104 km2 had a linear yield approximately 
proportional to (area)°-6• Church and Slaymaker (1989) conclude that fluvial tran port doe 
not represent contemporary erosion of the land surface in British Columbia, but rather 
reflects redistribution of sediment that was delivered to the valley by glacial events more 
than 10 kyr ago. According to Church and Slaymaker ( 1989), the conventional model in 
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which ediment yield decrea e with increa ing ba in area wa deriv d mainly with reference 
to inten ely cultivated region in which the land urface i highly di turbed and expo ed to 
ero 10n. 
It i clear that rate f ero ion in many region f the world have been increa ing in 
recent hi tory due to human influence. Loughran and Hiott ( 1996) u ed 137C in Au tralia to 
determine oil lo e due to different agricultura] activitie . They determined that land use 
appeared to be the main control on oil ero ion with increa e of net soil ero ion on cropland 
from 8 to 15 tha-1 yr" 1• Therefore, ediment yield remain au eful indicator of global change 
but their sensitivity to different environmental impacts require further tudy (Walling and 
Webb, 1996). Due to the amount of variation in land cape evolution throughout the globe 
and the findings for British Columbia presented by Church and Slaymaker ( 1989), studie at 
different scales are needed to determine the exact nature of the interactions between 
morphology, anthropogenic disturbances and natural events on sediment yields. 
Paleolimnology 
Lake sediments can provide a comprehensive picture of the environmental hi tory of 
a contributing catchment (Desloges and Gilbert, 1994; Rowan et al. , 1995). The use of 
paleolimnology to explore historical information stored in lake bottom sediments ha 
increased the understanding of lake processes. It is of particular use in determining the 
impact of modem land uses such as agriculture and forest extraction on the production of 
surface sediment relative to natural and long-term variations (Desloge and Gilbert, 1994 ). 
The lake sediments are dated assuming deposition in equence relative to time and 
minimal disturbance before collection (Binford, 1990). Different dating technique exist for 
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which ediment accumulation rate can be calculated. allaway, et al. (1996) u ed 
Chernobyl 137C to a se ediment accreti n rate in uropean coastal wetland . P llen, 
diatoms and charcoal analy i were u ed by Rhode and Davi (1995) to tudy natural forest 
di turbance and ub equent ero ion in the late Holocene. V arve thickne wa u ed by 
Desloge and Gilbert (1994) to rec n truct the pecific ediment yield of eight glacier-fed 
lakes. Evan and Rigler ( 1980) u ed 210Pb to calculate ediment accumulation rate for Bob 
Lake, Ontario while Reavie et al. (1995) al o u ed 210Pb, but to aid in the con truction of six 
lake eutrophication hi torie within Briti h Columbia. The u e of 210Pb dating in a tudy by 
Battarbee et al. (1985) concerns it elf directly with fore try impact and ub equent sediment 
accumulation rate . It is de cribed below a the fir t fore try related ca e tudy at the 
catchment scale. 
Case study: Lake sedimentation monitored through 210Pb calculated sediment 
budgeb,Galloway,Scotland 
Seven lakes in Galloway Scotland were cored and dated using 210Pb analysis to 
determine if ploughing influenced sedimentation rates (Battarbee et al. , 1985). The e 
activities were conducted to restore drainage prior to replantation in areas dominated by 
blanket peats. The study consisted of three control lakes and four impact lakes where 
between 14.8% and 69.5% of the catchments were ploughed. Lake areas ranged from 12.6 to 
114.3 ha in size with catchment to lake area ratios from 1.9 to 30.1 : 1. 
Cores were taken from the deepest point in each lake, extruded vertically , and I iced 
into 1 and 0.5 cm increments. Loss on ignition, dry weight and wet density mea urement 
were made. The continuous rate of supply (CRS) 210Pb dating model wa used to determine 
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date for each ediment interval while accumulation rate were calculated for each of the 
tudy lake in cm y(1• Re ult from the tudy bowed that accumulation rate in three of the 
four di turbed catchment increa ed dramatically coincident with the fir t date of ploughing, 
while rate in all control lake remained relatively table throughout the 180-year core 
record. One ample lake wa removed from the tudy due to poor dating, alth ugh evidence 
of the ame effect were pre ent. 
Sediment accumulation rate in Skerrow Lake ( 14.8o/o ploughed) Grannoch Lake 
(69.5%) and Dee Lake (20.8%) changed from 3 to 8, 2 to 22 and 3.8 to 7.1 cm y(' 
respectively after the on et of di turbance. The kerrow Lake ediment accumulation rate 
returned to it base line of 2.8 cm yr-1 after 10 year , likely due to a ingle ploughing event, 
whereas Grannoch Lake showed a 10 time greater accumulation rate where a combination 
of high relief and successive ploughing episode exi ted. The Dee Lake disturbance had 
been minor compared to other sites possibly due to efforts made in preventing drainage ditch 
discharge from reaching streams and the lake directly (Battarbee et al., 1985). 
Case study: Carnation Creek catchment, coastal British Columbia 
A 16 year study was conducted on Carnation Creek, a small (10 km2) catchment 
located on the west coast of Vancouver Island. The multi-disciplinary project investigated 
the effects of logging activities on stream sides, peak discharge, water quality, large woody 
debris structure, fish habitat and fish survival. The catchment morphology was mountainous 
and steep, containing shallow and highly permeable soils while the climate consi ted of mild 
winters and large rainstorms. Annual precipitation ranged from 2100 to 5000 mm annually 
(Hetherington, 1987; Hartman and Scrivener, 1990). 
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The study de ign utilized pre-harve t data collecti n over a five year peri d, ix year 
of active logging ( 41 % of the total land area) and five year f p t logging ob ervation. 
Data wa collected from an automatic ediment ampler, gravel ampling program, stream 
temperature di charge, channel urvey and vari u fi h population tudie on the survival 
rate and growth of different peci (Hetherington 1987; Hartman and Scrivener, 1990). 
Re ult from the tudy howed little detectable change in peak flow at the catchment 
outflow. Ero ion in the ba in had been minimal, with most tream ediment coming directly 
from stream bank (Hetherington, 1987). Suspended ediment collected in the automatic 
sediment sampler howed change throughout the 13 year of ob ervation. Total su pended 
sediment yield ranged from 11.3 to 42.4 t km-2 y( 1 between 1973 and 1986. The highest yield 
of suspended sediment occurred during 1973-74, which wa a pre logging year with many 
storms. The second and third highest yields occurred during road con truction and po t 
logging activities within the catchment (Hartman and Scrivener, 1990). Three years of pre-
logging sediment yield measurements were used to project post logging sediment yields. 
Actual post logging yields were 22o/o higher than those predicted values providing evidence 
for sediment yield increases over background levels (Hartman and Scrivener, 1990). 
Streamside logging generated the most channel change within the Carnation Creek 
catchment (Toews and Moore, 1982; Hetherington, 1987). Deterioration of tream banks 
after tree removal and introduction of small organic debris during logging had destabilized 
the channel leading to increased bank erosion, straightening of the channel and major shifting 
of gravel (Hetherington, 1987). These changes had the largest effects on tream biology. 
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Case study: Tumuch and Shandy Lake catchments, central interior British 
Columbia 
A three year tudy took place with the purpo e of quantifying the effect of fore t 
harve ting on a central interi r lake 80 km ea t f Prince George Briti h Columbia. A ingle 
control (Shandy) and impact (Tumuch) Lake were elected and ediment trap were in talled 
in each (25 and 50 re pectfully) with a li1nnology tation located in the center (Parkins net 
al. 1977). Mea urement of u pended ediment , light penetration, temperature, oxygen 
and chlorophyll were recorded at each ite. Annual precipitation in the area averaged 1000 
mm in a combination of rain and now event . 
The impacted catchment had an initial l .6o/c of it area harve ted at the onset of the 
study which increased to 7 .3o/o of its total area by the conclu ion. A high den ity of roads 
were constructed on mod era tel y to highly erodable lacu trine soils from 1972 to 197 5 
(Parkinson et al., 1977). Results from the tudy indicated that the observed suspended 
sediment concentration showed the greatest sensitivity to road con truction and fore t 
harvest. Concentrations in the creek which fed the impact lake averaged 4.0 to 20.0 times 
greater than the creeks draining undisturbed land. Sediment loading in Tumuch Lake 
increased to a greater degree than Shandy Lake over the same time period, with the majority 
of sediments being deposited within the proximity of the inlet stream. Interpretation of 
diagrams showed that sediment loading in the deepest point of each lake did not increa e as 
substantially as areas near inlet streams and these increases appeared to be influenced by 
bathymetry. Roads and to a lesser extent, skid trails constructed in erodable oil were the 
principal sources contributing to the chronically high concentration of uspended ediment 
in streams (Parkin on et al., 1977). 
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Forest harvesting and related effects: Summary 
General consen u about the effect of 1 gging on local tream include an increase in 
su pended ediment (Chamberlin, 1982; Gurtz and Wallace, 1984; Davies and Nel on, 
1993), change in tream di charge (Hewlett and Helvey, 1970; Hornbeck, 1975; Bo ch and 
Hewlett 1982) lope failure and increa e in tream edimentation due to road con truction, 
use and tream cro ing (Reid et al., 1981; Bilby et al., 1989; Davie and Nel on, 1993). 
Hogan (1986) found that Ider cut (> 20 years of age) produced larger tored sediment 
volumes and increa ed channel in tability a opposed to recent or unlogged catchment . 
Stream sedimentation, stream flow and forestry activities 
Suspended sediment increase related to logging activitie have been reported by a 
number of studies. Some have reported reductions in suspended sediments following forest 
restoration, while the majority observe increases due to logging practices. Results from the e 
studies are presented in Table 2-1 (modified from Miller et al., 1996). Increa es in stream 
discharge within a catchment can provide energy for erosion and allow for increa es in 
suspended sediment transport. Other investigations have shown that due to a loss of water 
retention after forest cover removal, stream and peak flow discharges are increased. Results 
from these studies are summarized in Table 2-2 (modified from Miller et al., 1996). 
Road construction, use and suspended sediment increases 
Bilby et al. ( 1989) noted that roads contribute sediment to stream by two primary 
pathways: 1) mass failures or 2) surface erosion of the road prism followed by tran port of 
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Data % of Method of Suspended 
Length of collection area forest sediment Annual Comments 
Researchers Study method cleared removal yields precip. (mm) 
no logging road 
Meghan et al., 20 yrs grab samples 23% helicopter +97o/o 1000 construction 
1995 and traps clearcut or use 
Blackburn et al., 8 yrs water-grab 50-100% clearcut increased up 1219 
1990 samples to 705 kg/ha 
Harr and 25 yrs water-grab 25% patchcut and mcrease 2620 
Fredriksen, 1988 samples burned 
-
°' Harr, 1986 16 yrs 0-100% clearcut mcrease 2340 2 study reviews 
Likens et al., 6 yrs water-grab 0-100% clearcut 4x pre -1220 inorganic fraction 
1970 samples harvest levels increased 
Rood, 1984 aerial 40x increase 
photography 
Johnson,1993 8 yrs water-grab 50o/o clearcut +595% -2400 
samples 
Beschta, 1978 15 yrs water-grab 25-82% clearcut +40-275% 2500 increases due to 
samples roading and burn 
Davies and N-elson 3 months* gravel filled clearcut 2-3x increases in fine 
1993 traps sediments only 
* study areas ranged in age from 1 to 7 years post harvest 
f f1 h dis ch 
annual % of 
Length of precip. area Forestry Water Comments 
Researchers Study (mm) affected activity yield 
Bosch and vanes vanes vanes tree removal mcreases review of 94 
Hewlett, 1982 in all but one catchment studies 
Hewlett and 21 yrs 2286 mm 100% tree removal stormflow volume no roads or skidding 
Helvey, 1970 increased 11 % trails built or used 
Hornbeck, 1975 18 yrs 1220mm 100% tree removal annual streamflow no roads constructed 
41 o/o 
-
-..J Hoag, 1987 48 yrs 1250mm 10-28% replantation annual discharge -
-4 to -21 % 
Verry et al., 18 yrs 800mm 0-71 % tree removal rainfall peak paired watershed study 
1983 discharge +250% 
Bottle, 1994 45 yrs 800mm 5.60% replantation annual runnoff basin drainage 
-100 mm area of 267 k:m2 
Jones and 55 yrs 2500mm 25-100% tree removal peak discharge paired watershed study 
Grant, 1996 +50-100% 
Hornbeck et al., varies 760- 44-100% tree removal annual water yield review of 11 
1993 1480 mm +350 mm catchment studies 
Cheng, 1989 12 yrs - 30% tree removal annual water yield 
-
and peak flow increases 
this material to tream . Major variable contributing to the generation f tream ediment 
in hi tudy were road u e and precipitation. A calculati n of ediment lo for econdary 
logging road and maj r hauling route over a 23 week p riod re ulted in the ero ion of 10 t 
1cm·1 and 26 t 1an·1 of material re pectively. However, n t all of thi diment entered local 
tream , a 66% of road ditch drainage emptied on to f re t floor where natural filtration 
through the oil profile took place. Thi left 34% percent of thi material to enter the tream 
network. 
Other studie found a doubling of u pended ediment in treams after road 
construction but before timber harve t (Brown and Krygier, 1971) and another attributed the 
primary source of suspended sediments in a logged catchment to road (Be chta, 1978). 
Sediment runoff from roads primarily depended on the amount of road u e during timber 
transport and the number of turning area . Roads that received light use howed 
considerably less suspended sediment runoff in intense rainstorm events than those with 
heavily used turning areas (Johnson, 1993). In one catchment study by Reid et al. (1981), 
60% of road related sediment production were due to landslides, while 20% of the production 
was linked to surface erosion, mostly on roads being used to haul timber. Reid et al. (1981) 
concluded that paving mainline logging roads used for timber transport would result in a 30% 
reduction in the erosion of fine grained material. 
Studies of stream road crossings report an increased amount of fine sediment that 
infiltrated into the stream bed downstream from bridge sites, even 30 to 50 years after 
construction (Davies and Nelson, 1993). Indications of an increase of su pended ediments 
below these crossings have been noted by Chamberlin ( 1982) and Harr and Fredriksen 
(1988). 
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Landslides and forestry activities 
Landslide ize and event frequency i ba ed on ba in morphol gy: oil type , lope 
and ite tability. They are u ually point ource event related to teep gradient (>60~) and 
instability due to road c n truction r vegetation removal (Pr vince of Briti h Columbia, 
1995a). In Fredrik en et al. , (1975) the volume of oil removed due t road-connected 
landsliding wa 62 time greater ( 1300 m3 ha 1) than the total volume removed from unroaded 
clear-cut and undisturbed areas (21 m3 ha·1). ite where at least 25% of the catchments were 
clear-cut, roaded and had an average lope of 53-63% howed the greate t increase in 
suspended sediments. In a tudy by Rood ( 1984 ), clearcut logging and associated road 
construction increased the frequency of mass wa ting events by 34 time . Roughly 39% to 
4 7% of this mass wastage material entered stream channels, leading to an increase in 
sediment delivery to streams by 23 times. 
In an aerial survey in 1996, conducted by the Ministry of Forests on the west coa t of 
Vancouver Island, landslides within the Clayquot sound were counted and classified by 
source. Out of 260 recorded events, 14% had natural causes, 41 % occurred in cut block or 
regenerating stands, 21 % were debris torrents initiated when gullies washed out and 24o/o 
were logging road failures (pers. com. Millard, 1998). Size of the events ranged from very 
small road cut slumps to> 3 ha of displaced material. 
In recent years, since the inception of a Fish-Forestry Interaction Program (FFIP) in 
1981 to study landslides and their effects on fish habitat on the Queen Charlotte I lands, 
British Columbia, improved practices have reduced the number of road related land lides to 
20% of their former levels (Chatwin and Smith, 1992). Slope stability mapping is being u ed 
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to plan road location and cutblock that are away from en itive area . More logging 
companies are u ing skyline y tern and helicopter for teep lope logging in an attempt to 
reduce landslide activitie (Chatwin and mith, 1992). 
Natural events effecting sedimentation 
Earthquakes 
Dedkov and Mozzherin ( 1996) point ut the importance of high magnitude 
earthquakes in the generation of ma wa tage events and ubsequent increase in uspended 
sediments and the e may be an important factor in regional variation of sediment yields on 
Vancouver Island. Since the 1700's, 14 major earthquakes with magnitude ranging from 4.6 
to 9.0 on the Richter scale have been felt within Victoria and Vancouver (Pacific Geoscience 
Center, 1998). In a study by Mathews (1979), the frequency of mas wastage events 
increased by l O fold versus background levels after a 1946 earthquake of 7 .2 on the west 
coast of Vancouver Island. The highest concentration of these lides extended to within 20 
km of the Barkley Sound area (Figure 1-2). 
Wildfires 
Fires may influence the evolution of the physical landscape through greatly enhanced 
sediment transport in the form of debris-flows and flood-streamflow events (Meyer et al., 
1992). Evidence of forest fire leading to increases in sedimentation have been found by 
Rhodes and Davis (1995) where disturbance horizons representing short term increa es of 
sediment contained high concentrations of charcoal every I 00 to 500 years. In a tudy by 
Meyer, et al. ( 1995), fire-related sediment depo its were found to make up 30% of the late 
Holocene fan alluvium, showing that widespread forest fires are a major factor in the export 
20 
of ediment from tributary ba in in Yell wst ne National Park. The dominance of fire in 
the life cycle of northern boreal fore t near the Prince Ge rge tudy area ha been 
documented by John on (1992). 
Regional soil differences and sen itivity to ero ion 
The we t coa t of Vancouver I land con i t of ferro - humic podzol , while the area 
near Prince George contain gray luvi ol oil (Valentine et al., 1978). oil on Vancouver 
Island are unstable on teep terrain but vegetation hold it in place until removed by fore try 
activity or fire. The main feature of the oil in the coa tal area include thick urface organic 
horizon derived frotn fore t litler, allowing organic material to make up over 30o/o of the 
soil landscape (Valentine et al., 1978). Thi contra t oils in the interior region near Prince 
George as vegetation cover doe not add a very large amount of organic matter to the oil o 
that the surface litter layer of needles and grass is thin and poorly decomposed (Valentine et 
al., 1978). 
Assessment of the potential of a watershed to produce fine sediment i po sible by 
examination of basin geology and soils (Duncan and Ward, 1985). Soil type characteristics 
combined with slope have been used to classify terrain into units ba ed on it ensitivity to 
erosion (Province of British Columbia, 1995b). The amount and characteristic of sediment 
eroded from areas of road construction can also be dependent on the type of urface material 
involved (Bilby et al., 1989). Therefore local soil type and geological variation within 
individual catchments can affect the amount of erosion generated by natural or anthropogenic 
events. Access to this type of data at locations which act as ediment source i often not 
available. 
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Summary 
The literature ugge ts that fore try activitie , agriculture earthquake and wildfire 
can affect the rates of ediment delivery to tream channel and in ome in tance lake . 
Change in water yield following vegetation removal have been ob erved and ubsequent 
increase in ero ion have been predicted. Many tudie u ing paleolimnology mention the 
ability to detect environmental change to lake ba ed on anthropogenic activity, however 
few u e it to directly quantify the effect of logging on edimentation. 
The studies mentioned here offer evidence that link anthropogenic activities and 
natural events to short term increase in u pended ediment which may therefore influence 
lake sedimentation rates. The majority of the e tudies rely on stream-water grab amples 
taken at intervals to detect changes over the short term. Regional , long term effects on 
sedimentation such as earthquakes and fire histories in combination with logging activity 
have yet to be investigated in detail for coastal or interior regions of British Columbia at the 
catchment scale. 
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Chapter 3: EvaJuating the impact of logging, wildfire and earthquake on sediment 
yields in mall catchment throughout coastal and interior regions of 
British Columbia Canada 
Introduction 
Inve tigati n have f und that 1 gging activitie uch a r ad building and clear-
cutting lead to direct increa e in ediment loading t tream (Brown and Krygier, 1971 ; 
Be chta, 1978· Blackburn et al., 1990). Road cut and cleared area accelerate the proce es 
of ero ion, lope failure and land lide (Hornbeck et al., 1970; Hornbeck, 1975; Reid et al., 
1981; Bosch and Hewlett, 1982; Verry et al., 1983). However, few inve tigator have put 
their data into the context of di turbance event which would allow a comparison to the 
logging related increases in sediment load . Thi tudy provide thi compari on for two 
regions, coastal Vancouver Island and northern interior B.C. Example of some con i tent 
trends and contrasts among these basins are presented. 
The majority of studies investigating land use effect on stream sediment use between 
eight to 25 years of data (Miller et al. , 1996). A common approach uses a paired catchment 
design to assess the amount of suspended sediments found downstream of an impact and 
control area. Long term observation of a single basin over pre- and po t-impact periods i 
another accepted approach. Other studies focus on detecting changes in djscharge through a 
variety of measured variables from either cleared or replanted catchments; many have found 
increases following forest removal (Hewlett and Helvey, 1970; Hornbeck, 197 5; Bosch and 
Hewlett, 1982; Hoag, 1987; Hornbeck et al., 1993; Jones and Grant, 1996). 
Using paleolimnology to recon truct a long range of annual ediment yield to lake 
allows for the evaluati n of temp ral changes in the ediment delivery from tream in the 
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context of other event which have occurred in the catchment. A vadety f techniques exi t 
to date the ediment record including 210Pb, l'nc , pollen analy i and indicator layer that 
can be a ociated with hi torical event . (Evan and Rigler 1980; De I ge , 1994; allaway 
et al. 1996· Appleby, 1997). Hi torical rec rd of 1 gging activity can be compared to 1 ng 
term trend in lake edimentation, including any effect earthquake , inten e torm year and 
ba in wildfire have had on the lake edimentation rate. A paleolimnological approach 
remove the neces ity of monitoring a tream network f r change in ediments over a period 
of decade or more, while limiting cost and providing a long term data base which can be 
related to the hi tory of local event . 
Research by Batterbee et al., (1985) in Scotland u ing 210Pb dating to reconstruct lake 
sediment accumulations ha shown that increa e in lake sedimentation can be directly 
influenced by activities within that lake' catchment. All of the impact lakes in the tudy by 
Batterbee, et al., (1985) showed large increases in sedimentation, with one lake having a 
sedimentation rate 11 times that of background levels. This large increase followed 
ploughing but preceded replantation. Sediment accumulation in their control lake remained 
relatively stable over the 180 year core record. 
Parkinson et al., (1977) used a different approach to study changes in lake 
sedimentation. They placed sediment traps in a grid pattern over the bottom of Shandy 
(control) and Tumuch (impact) Lakes, located 80 km east of Prince George, Briti h 
Columbia. Over the 3-year period of the study they found that roads and to a le er extent, 
skid trails constructed in erodable soils were strongly as ociated with trap result in the 
impact lake. However the observed increa es in levels of su pended sediment and lake 
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edimentation ob erved in thi 3-year tudy were not put int the context of uch natural 
event a fore t fires which can be ignificant in then rthern region of B.C. 
An aerial land lide urvey of the we t coa t of Vancouver I land near Clayquot 
Sound , Briti h Columbia found that 65o/o of all ob erved land lide occurred in culblock or 
ite with regeneration , r were attributed to 1 gging r ad failur (per . com. Millard, 1998). 
However, Mathew ( 1979) found that a ten fold increa e in ma wa tage events wa 
observed near the ame area following a 7.2 (Richter cale) earthquake in 1946 which 
proceeded the majority of logging. 
Wildfire which remove vegetative cover and modify oil tructure can al o increase 
the amount of available edimenl for tran port and eventual depo iLion to the lake bollom 
(Meyer, et al. , 1995; Rhode and Davi , 1995). Thi makes recent fires and forestry activitie 
difficult to assess a mutually exclusive event within the sediment record of larger northern 
B.C. catchments. 
What is currently missing in the literature is how earthquakes, wildfire and other 
potential disturbance sources compare to logging activities and road construction in 
increasing loads of suspended sediments and subsequent lake sedimentation rate . Given the 
restrictions and costs of long term suspended sediment studies we sugge t the u e of lake 
sediments and paleolimnology to compare these activities with sediment yield . 
Study approach 
The primary objective of this study was to determine the amount of influence logging 
activitie , torms , fire and earthquakes have on catchment sediment yield . The tudy wa 
restricted to small catchments in two very different biogeoclimatic zone of B.C. The 
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ob erved change in ediment yield are compared to the tart of land u e activitie and 
recorded di turbance event . 
Two et of lake ba ins were u ed. The fir t wa compo ed of 11 catchment from 
the Prince George area repre enting the central interi r ( r c ntinental) ample et while the 
econd et compri e 10 catchment from the maritime, we t coa t region of Vancouver 
I land (Figure 1-1 and 1-2). Twenty-one of the original 24 lake were u ed in the final 
analy i as three were excluded due to problem of core retrieval or dating duplication. Four 
of the Prince George ba in had no fore t harve ting hi tory and were used as control sites. 
Criteria for ite selection included the availability of data on lake bathymetry, simple stream 
networks and a uniform biogeoclimatic zone throughout the catchment. In British Columbia, 
biogeoclimatic classifications are delineated on the basi of regional imilaritie in climate, 
vegetation and soil type. 
The necessity for lake bathymetry data terns from the need to locate appropriate core 
extraction sites and to exclude lakes that have bathymetric features that re ult in variable 
sedimentation within the deeper parts of the lake basin. Lakes with simplified or fir t order 
streams were selected when possible to reduce confounding factors such as upstream ponds 
or swamps that have the ability to store sediment. Only basins with a uniform biogeoclimatic 
zone were considered in order to control for precipitation, soil type and dominant ground 
cover species. 
Sites on Vancouver Island are within close proximity of Barkley Sound (Figure 1-2). 
This area lies within the coastal western hemlock (CWH) biogeoclimatical zone and ha an 
average 30 yr annual precipitation of 1886 mm, mainly in the form of rain ( 1765 mm). Peak 
periods of rainfall occur in winter between the months of October and April (Appendix l ). 
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Coa tal Dougla -fir, we tern red cedar and we tern hemlock tand are characteri tic of the 
area while lope range from gentle to extreme teepn . (Lowe and Klinka 1981; 
Environment Canada, 1996). oil dominantly con i t of ferro-humic podzol which are 
unstable on teep terrain if vegetation i rem ved (Valentine et al., 1978). The main feature 
of the oil include thick urface organic horizon derived fr m fore t litter, uch that organic 
material make up over 30% of the oil (Valentine et al., 197 ). 
The Prince George ample region i characterized by the ub-boreal pruce (SBS) 
biogeoclimatical zone. Average annual rainfall and nowfall amount have been observed at 
400 mm and 234 cm. Rainfall occur between May and October while snowfall occurs 
between November and March. Total annual precipitation is uniform throughout the year, 
however the spring fre het usually begins in April (Appendix 1). White spruce, uh-alpine 
fir, red cedar and lodgepole pine repre ent dominant fore t cover specie , while slopes range 
on average from gentle to moderate steepness. Soils consist of gray luvisols which have a 
surface litter layer of poorly decomposed needles and grass which add little organic matter to 
the soil (Valentine et al., 1978). 
Study lake catchment boundaries are delineated from contour layer obtained from 
the British Columbia Ministry of Forests (MOF) regional office in Prince George and input 
into an ARC/INFO geographic information system (GIS). Forest cover maps for each of the 
study areas were also obtained from MOF in digital form and entered into the GIS system. 
This allowed for the extraction of basic basin characteristics (area, slope), forest cover 
history in the form of stand age classes, dates and areas of harvest and the total percentage of 
di turbance over each basin unit (Tables 3-1 and 3-2). atchment tream lengths and the 
extent of reading were extracted from digital maps provided by the Mini try of Environment, 
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Table 3-1: General Lake Characteristics 
Primary lake Primary Jake Watershed: Total Jake Number of 
Vancouver Island -surface -area pelagic area primary lake surface area water bodies 
lakes Isa km) (sa km) area ratio (sa km) 
Pachena 0.54 0.39 3.5 0.54 1 
Sugsaw 0.61 0.38 9.8 0.61 4 
Toquart 1.15 0.81 58.0 1.30 5 
Llttle Toquart 0.55 0.44 18.0 0.60 3 
Black 0.64 0.47 5.6 0.64 1 
Blue 0.47 0.31 11.3 0.47 I 
Frederick 0.37 0.31 16.2 0.40 2 
Cataract 1.44 t 11.3 1.70 8 
Angora 0.31 0.20 6.8 0.31 2 
Maggie 2.49 1.99 21.8 3.00 14 
Central Interior 
--------------------------------------------------------------------lakes 
Woodcock 1.33 0.96 4.2 LB 2 
Tang 0.44 0.30 70.2 1.10 13 
Pitoney 1.76 · l 28 34.3 2.20 15 
Laurie 1.00 0.73 9.3 1.10 5 
Upper Summit 0.97 0.48 3.4 0.97 I 
Wendie 0.51 0.30 46.0 0.51 3 
Jakes 0. 58 0.41 2.1 0.58 l 
Unnamed 0.79 0.63 2.7 0.79 l 
Secord 0.40 0.10 5.5 0.40 l 
Boomerang 0.52 0.1 l 7.5 0.52 2 
Justine 2.48 1.82 17.6 2.50 2 
t lake bathym~try not available 
Table 3-2: General Watershed Characteristics 
Watershed Total Total Start or Surface 
Vancouver Island areat stream length road length harvest irregularity 
lakes f~n km) {1cm) flm,) activitv index 
Pacbeua 1.9 0.7 73 1947 1748 
Sugsaw 6.0 5.7 23.4 1955 1171 
Toqua.rt 66.8 130.4 15.4 1983 1082 
Little Toquart 9.9 11.7 11.6 1980 1403 
Black 3.6 6.9 11.6 1969 1573 
Blue 5.l 5.6 11.3 1992 1063 
Frederick 6.0 9.8 16.7 1936 2174 
Cataract 16.2 20.6 15 .2 1965 19 10 
Angora 2.1 2.1 3.2 1984 3663 
Maggie 54.3 103.0 161.9 1933 1590 
Central Interior 
------------------------------------------------------------------- --lakes 
Woodcock 5.6 3.0 7.8 1976 251 
Tang 30.9 53.2 53.0 1960 545 
Pitoney 60.3 ll6.7 80 9 1963 833 
Laurie 93 87 11.7 1964 544 
Upper Summit 3.3 0.9 11.0 1960 472 
Wendie 23.5 49.4 10.6 1982 1649 
Jakes 12 0.-1 2.1 1962 724 
Unnamed 2.1 0.0 0.0 . 426 
Secord 2.2 11 0.7 
- 305 
Boomerang 3.9 5.0 0.0 
- 460 
Justine -13.7 112.6 0.0 518 
t Calculated without lake surface area 
Land and Park (MO LP), which allowed f r the calculation of road den itie and the 
percentage of tream length harve ted in each basin. 
A surface irregularity index wa devel ped to calculate the frequency of slope change 
within each catchment. The value i calculated a the number of polygon generated by a 
digital elevation model (D M) per unit area of ba in. If lope increa e rapidly over a hort 
di tance, a greater number of polygon are required to define the 1 pe of that area at a given 
grid re olution (in thi case 20 metre). The higher the irregularity index, the steeper the 
terrain. For instance in the ca e of Toquart Lake, the DEM generated approximately 72,300 
polygons for the catchment coverage. Defining the unit a polygons per quare kilometre, 
the surface irregularity index value i 1082. 
Two cores were taken by a mini-Glew gravity corer from the deepest point of each 
lake. Half of the lakes within each region had the second replicate core dated using 210Pb to 
evaluate accuracy. The corer was deployed from a canoe at some sites and a float plane in 
lakes that are not accessible by road. It was lowered slowly to the lake bottom and released 
upon contact, allowing weights at the top of the apparatus to push the sample tube slowly 
into the sediments, minimizing disturbance of the top layer. Weights were adjusted on a ite 
by site basis, depending upon the texture of sediment encountered. On average, core lengths 
obtained by this procedure were 40-50 cm in length. Core diameters were 7 .62 cm allowing 
sufficient material to be collected for a range of analyses. Each core was extruded and 
sectioned into 0.25 cm units. 
Standard 210Pb dating methods were employed on approximately 20 core sub ections 
allowing for linear interpretation of data points between the remaining core egment 
(Binford, 1990; Appleby, 1997). The constant rate of supply (CRS) model that wa used 
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a ume that there i a con tant fallout of 210Pb fr m the atmo phere to the lake water 
re ulting in a con tant rate of upply of 2 JOPb to the diment , irre pective of any variations 
wruch may have occurred in the ediment accumulation rate (Appleby and Oldfield , 1983). 
The CR model wa employed in the calculation of edimentation rate inc date 
calculated by CR in previou tudie agree with independent dating method uch a pollen 
horizon (Binford, 1990). The alternative on tant Initial oncentration (CIC) model' main 
as umption i violated when 210Pb activity i diluted by recent high ediment accumulation 
rate (Binford 1990). Lo on ignition analy i wa conducted at elected intervals to 
determine the organic fraction of the material. The Binford ( 1990) model calculated dates 
and sedimentation rates for each ample in unit of years before pre ent and g cm 2 y(1. 
Basin sediment yield (t km-2 yr-1) was calculated for each tudy catchment using 
equation 3-1 below. Data from all of the lake i pre ented by year in Appendix 2. The 
value for lake edimentation area is estimated from the area of the pelagic zone of each lake, 
calculated by differentiating the littoral and pelagic divide at the 4 m bathymetric contour 
interval. The pelagic area of each lake is selected as it characterizes the depo itional zone of 
the lake bottom. Regions where constant disturbance from bottom mixing, caused by wind 
and small scale shoreline slumps, could occur are predominantly in the littoral zone and o 
are excluded. Sediment yield is calculated from the accumulation rates at the deepe t point 
in each lake as determined from bathymetric maps and can therefore be considered the ite of 
maximum sediment accumulation. This calculated rate may be influenced by the in-lake 
biological production of particulate matter and/or 210Pb dating error related to po t 
depositional mobility associated with bioturbation (Binford, 1990). 
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(Equation 3-1): Y1 = CR S) A·1 
Where (Y) repre ent the catchment ediment yield for year (i) (t 1cm·2); 
(R) repre ent the edimentation rate for year (i) derived from the core (g cm 2); 
(S) repre ent the lake' pelagic urface area (km2); and 
(A) which repre ent the catchment area (km2). 
Identifying catastrophic events - storms and earthquake 
ince the 1700' , 14 major earthquake with magnitudes ranging from 4.6 to 9.0 on 
the Richter cale have occurred within the Victoria and Vancouver area . A series of seven 
earthquake ( 1.6 to 5.4 on the Richter cale) struck the Prince George region in 1986 (Pacific 
Geoscience Center, 1998). Major earthquakes in proximity to the study areas are included on 
Figures 1-1 and 1-2. The 1946 earthquake on Vancouver Island was observed to directly 
affect the number of mass wastage events north of the Barkley Sound study area (Mathews, 
1979). 
Major storm events noted in the climatic record from Bamfield, Prince George and 
Vanderhoof climate stations are identified, along with a 100 year return period storm in 1935 
and Hurricane Freda which hit the west coast of Vancouver Island in 1962 (Arnaud, 1997). 
The most extreme water year on record for the province occurred in 1894, when the highest 
observed level of the Fraser River was seen at Hope (17 ,600 m3 s·1) compared to an e ti mated 
average of 7,100 m3 s·1 (Department of Lands, Forests, and Water Resources, 1963). Extreme 
wet years presumably reflect high snowpack and subsequent increases in freshet su pended 
sediment loads for the northern Fraser Basin region. Beaudry ( 1998) indicates approximately 
95% of the annual suspended sediment loads are delivered in pring melt in ome northern 
interior watersheds. 
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Results and discussion 
Logging Impact 
E timate of logging related ediment yield increa e are made by comparing the 
yield at the tart of logging activitie to the f llowing, maximum ob erved peak in sediment 
yield. The e e timate of change are identified a increa e or decrea e in ediment yield 
following variou land u e activitie and hi t rical event (Tables 3-3 and 3-4) (Appendix 3). 
Streamside logging is calculated a the percentage of total tream length inter ected by area 
of harvest. Figure 3-1 illu trate Pitoney and Tang Lake from the Prince George region and 
Black Lake from Vancouver Island which had large respective increa e in ediment yield. 
The continuous nature of harvest di turbance is evident, along with the increasing trend in 
yield. Tang Lake's sediment yield begins to decrease with a reduction in harvest after 1994. 
In these three examples, the regional catastrophic events of earthquakes and storms do not 
appear to influence sediment yield over the periods of continuous timber removal. 
In several other basins, confounding earthquake and storm events overlap with 
periods of harvest and appear to have an effect, making observations of harve t effects on 
sediment yield less straightforward. Figure 3-2 illustrates sediment yield and di turbance 
events for Frederick (Vancouver Island), Upper Summit and Woodcock Lake (Prince 
George). There appears to be large identifiable increase in Frederick Lake's sediment yield 
profile corresponding to timber harvest. However, a peak following thel946 central island 
earthquake (D) in 1955 coincides with the cutting of approximately 15.6% of the catchment 
area. 
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Table 3-3: Prince George total yield r ponse 
Deforestation Forestry 1948-49 
Basin (A) (B) activitv Wet Years 
Woodcock 27 7 28 0 + + 
Tang 45 .3 26.0 + 0 
Pitoney 34 .5 30.0 I + 0 
I 
. 
Laurie 30.2 24 .0 + 0 
Upper Summit 62.5 48 0 + 0 
Wend.le 16.5 15 0 + + 
Jakes 682 74.0 . 0 + 
' 
• . 
' Unnamed 0 0.0 ' Control 0 
' 
' I 
I 
Secord 0 0 .0 ' ontml ' () 
' 
' I 
. 
Boomerang 0 00 . Control 0 I 
I 
I 
. 
Justine 0 0.0 
. 
I 
I Control 0 
I 
. 
(A) & (B) denote% harve t and treams1de logging re pectively 
o Denotes no obervable change 
t Increases seen over the rune period a<; other even 
tt Overlap with logging acllvlly 
Table 3-4: Vancouver I land total yield respon es 
Deforestation Forestry 1918 
Basin (A) ffi) actJvitv Eartbauake 
I 
I 
. 
Pacbena 79 1 91.0 . + 0 . 
I 
I 
. 
Sugsaw 92.0 87.0 ' I + 0 I 
I 
' 
' Toquart 5.7 4.0 I + 0 
' I 
. 
' 
LUUe Toquart 22 .0 6.0 ' ' 
' 
+ +* 
' 
' 
' Black 35 I 20 ' + +* 
' 
Blue 10.4 16.0 - +' 
Frederick 76.9 80.0 +l +* 
Cataract 20.9 28 .0 0 0 
Angora 14.4 9.0 + 0 
Maggie 59.0 57 .0 + 0 
(A) & (B) denote% harvest and slreamSJde logging respectively 
o Denotes no obervable change 
t Increa es een over the same penod as other events 
1986 Fire activity 
Earth au~ 
0 + 
0 0 
0 0 
0 0 
tt 0 
0 () 
() 0 
0 + 
0 + 
0 0 
+ + 
1935 1946 
Storm Eartbauake 
0 0 
0 0 
0 + 
+" 0 
0 0 
+* 0 
0 () 
0 + 
0 () 
+I +! 
tt Increase potentially due to landsliding and forestry activity adjacent to Maggie lake 
* These increai,es may or may 1101 be attributed to this event due to dating inaccuracy 
** Overlap between start of minmg acUv,ty and arrival of Hurricru1e Freda 
f Slorm and earthquake events combmed to produce this mcrca. e 
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Hurricane 1992 January MlnJng 
Freda Stonn actlvl tv 
0 0 0 
0 0 0 
+ 0 0 
0 0 0 
0 0 () 
() () () 
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Figure 3-1: Pitoney, Tang and Black Lake sediment yield profiles 
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Figure 3-2: Frederick, Upper Summit and Woodcock Lake sediment yield profiles 
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Upper Summit' ediment yield profile how a continuou increa e foll wing 
harve ting in 60% of the catchment. However the change in lope in 1977 indicate a 
ignificant lag in the delivery of ediment relative to 1960 when harve t activitie began. 
The increa ed ediment yield are then accompanied by a wet year in 1982 (I) and the 1986 
earthquake (J). Upper ummit Lake' drainage ba in i mall (3.3 km), with no detectable 
stream on 1 :20,000 cale map . No direct evidence exi t to relate the change to any one of 
the e ingle event , but a combined influence of all three factors may be re ponsible for the 
mcrease. 
Woodcock Lake' ediment yield profile exhibit a break in slope about four to five 
years after the end of logging, po ibly a sociated with the 1986 earthquake (J). The 
continued increase after this event may be related to a combination of previous forestry and 
seismic activity in the region. Under these circumstances the ob erved increa e from 1976 to 
1997, in sediment yield after the onset of logging activity may not be isolated to timber 
removal. 
210Pb accuracy and data availability 
Earthquakes and storms on Vancouver Island and in the Prince George area are 
associated with observable increases in catchment sediment yields for some of our lake 
systems. However, these observations of sediment yield change are made within the context 
of the potential errors in 210Pb dating methods. Most of these significant events occur in the 
older part of the sediment record (+50 yrs) where less data exist on the number, type and 
magnitude of events which may influence the sediment yield profile. The 95 percent 
confidence interval for 210Pb sediment dates ranges from about ±2 year at 10 year of age, ±9 
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at 100 year and ±22 at 150 years old (Binford, 1990). Theref re, the actual age of sediment 
with a 210Pb date of 80 year could be between 74 to 86. The older thee timated date the 
larger the error, while the younger thee timated date the more accurate the 210Pb age. More 
recent land u e activitie al o have con iderably more available data than older event . An 
example include the 1894 wet year which may have influenced the ediment yield profile 
near the turn of the century in a number of ba in . Figure 3-3 illu trate the 210Pb dating 
error vi ually for Blue and Frederick Lake by di playing the range of potential date based 
on returned 210Pb ages for sediment yield. 
Earthquake and storm events 
Figure 3-4 displays examples of the effect stonn and earthquakes can have on 
sediment yields in some central interior and coastal catchments. Toquart Lake appears to 
have a fast, positive reaction to the 1946 Central Island earthquake (D) and the 1962 
hurricane (E). These increases rival those caused by the 5.7o/o catchment forest harvest 
which resulted in little change in sediment yield from 1983 to 1997. 
If we allow for the error band associated with dating of older sediments it could be 
suggested that Little Toquart responds to the 1918 west coast earthquake (B) and the 1935 
storm (C) with increases in sediment yield. Alternatively one could hypothesize that the 
system has a 8 - 13 year lag associated with the response to events such that the 1894 wet 
year (A) shows a response in 1907 while event B ( 1918) results in ediment increase 
beginning in 1926. 
Blue Lake also potentially respond to event (B) and (C) with increa es near the 
1918 earthquake and the 1935 storm. The we t coast earthquake of 1918 (B) appear to 
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Figure 3-3: Dating Error at the 95 % Confidence Level 
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Figure 3-4: Toquart, Little Toquart and Blue Lake sediment yield profiles 
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precede the ediment re p n e ignal by about 5 year . Thi may be a lag effect. Other 
event in Blue ( ) and Little T quart (B and ) appear to occur after the ediment yield 
re pond ugge ting that 210Pb error may be re pon ible f r the hift. To accurately 
determine the re pon e of event further back in the ediment record we require either 
informati n on individual ba in torage condition or an i lated re pon e to a ingle event. 
Fire activity 
In figure 3-5, Ju tine and ecord Lake ediment yields are plotted along with the 
magnitude and e timated date of fire activity in each catchment. Fire activity is identified as 
areas of natural di turbance that influenced date of tand establi hment, excluding logging 
activity. The temporal range of fire activity i estimated in 10 year interval . This is based 
upon stand age class information provided with the fore t cover mapping for the Prince 
George area. Fire history is only generated for the Prince George central interior ites a it is 
a dominant process in the development of stand history whereas it is not a major influence in 
coastal catchment systems (Johnson, 1992). 
Justine and Secord Lakes are included within the study a control sites since they 
lacked any recorded history of logging activities. However, the reason for thi lack of 
activity in Justine Lake's catchment could be that 63% and 23% of the standing timber 
ranged from 25-35 years and 60-70 years of age respectively, indicating extensive past fire . 
Fire activity over the last 60 years is associated with large increases in ediment yields in 
Justine Lake ( 1935 to 1982), while the 1986 earthquakes recorded in the Prince George area 
(J) may have further increased yield ( 1986-1997). 
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Figure 3-5: Secord and Justine Lake sediment yield profiles 
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Secord Lake al o how the p tential effects of fire, a event between 1905-1915 
which con urned 16% of the catchment c rre p nd to ediment yield increa e . Two smaller 
fi re add to thi ediment yield increa e by con urning a further 11 % of the catchment area 
between 1930 - 1950. 
Mining activity 
Maggie Lake' ediment yield profile pre ent an example of the effects of open pit 
mining (Figure 3-6). The Brynnor open pit iron mine that operated from 1962 to 1968 
removed 4 480,917 tonne of material 3.5 km upstream of Maggie Lake (Geological Survey 
Branch, 1998). Peak ore removal of 1,080,497 tonne occurred in 1964 but the site closed 
abruptly in 1967 due to a labor dispute (James 1968; Geological Survey Branch, 1998). Thi 
1962 to 1969 peak in sediment yield is confounded by the arrival of Hurricane Freda in 1962 
and a considerable increase in logging activities in 1956. However the peak doe closely 
match the period of activity for ore extraction from the mine, including its initial rapid 
increase and subsidence upon closure of the mine site. The impact of mining in the Maggie 
Lake catchment appears to generate increases in sediment yields between 1959 and 1965. 
A second peak in 1995 is also indicated on the profile, which may be related to the 
1992 January storm which delivered 742 mm of precipitation to the Barkley Sound area. 
Field studies in Maggie Lake's catchment by Arnaud (1997) indicated recent lope failure 
immediately above the eastern shoreline of the lake prior to 1994. The combination of 
logging activities in the area and the January 1992 storm may have cau ed the failure , which 
were large enough to influence sedimentation rates at the deepe t part of the lake and affect 
the sediment yield profile between 1993 and 1995. 
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Figure 3-6: Maggie Lake sediment yield profiles and ore extraction 
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The 1935 storm (C) and 1946 earthquake (D) may be re pon ible for the increase 
een from 1933 to 1955 when logging activity i limited and road con truction i non-
exi tent. A the 1960 to 1969 peak ha been attributed to mining activity, the influence of 
logging ha been calculated a the difference between 1956 and the peak in 1995 , re ulting in 
an increase over 1956 level . A 1956 tart date f r 1 gging wa u ed here rather than 1933 
due to the limited area that wa cut (0.2%) and the lack of road or bridge con truction over 
the 1933 to 1955 period. 
Unexplained sediment yield increases 
Some ba ins exhibited changes in their ediment yield profiles that did not coincide 
with any catastrophic event, mining or logging activitie (Figure 3-7). Sugsaw Lake had 
harvesting over 92% of its catchment area with 87% of its stream side cut and re ponded 
with only a limited increase in yield. Two large sediment yield peak in 1905 and 1911 do 
not seem to relate directly to any known activity, although the high water year of 1894 could 
potentially have generated the first large response. The second peak is just within the 210Pb 
error band for the 1918 quake (±7 yrs). 
Recent sediment yield increases in Boomerang Lake (control) do not clearly 
correspond with either the 1986 earthquakes (J) or the 1982 wet year (I). With the increased 
accuracy of 210Pb dating for the 1970's (±3 years) , these two event cannot be identified as the 
cause of the 1973 - I 997 increase. 
Jakes ' sediment yield profile also has very little reaction to logging activitie , 
showing almost no change after 68.2% of its catchment area is harve ted and 74% of all 
stream sides are logged. This lack of response i of interest and warrant further 
44 
Figure 3-7: Sugsaw, Boomerang and Jakes Lake sediment yield profiles 
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inve tigation. Cata trophic events how little effect, with the po ible exception of the 1948-
49 wet year (G) with an increa e ob erved between 1947 and 1957. Jakes' catchment area 
i the smalle tin the tudy ( 1.2 km2) with the econd h rte t tream length (0.4 km) and 
limited amount of total roading in compari on to mo t ther ite (2. 1 km). 
The exi tence of mining activitie within all catchments wa inve tigated and no other 
operation besides that of the Brynn r mine are n record at the Geological Survey Branch or 
on the fore t cover mapping provided by MOF. Hi torical placer mining was conducted near 
the tum of the century in the Prince George region around Barkerville which is in close 
proximity to both Pitoney and Wendle Lake catchments. However record of the frequency 
and location of the e activities were not kept. It is likely that events occurred within these 
catchments that were not recorded and therefore have been mi ed in this cale of 
investigation. 
Potential variability between the sensitivity of catchment soils to disturbance has been 
bypassed in the initial study design through the use of uniform biogeoclimatic zones. 
However, the potential exists for some catchments to have a higher proportion of their ba in 
areas containing more sensitive soils than others, which could influence the amount and type 
of eroded material (Duncan and Ward, 1985). This opens the possibility for geology and oil 
type to influence the sediment yield responses of individual catchments to disturbance 
events. For example, Sugsaw Lake's catchment may contain a stable geology and oil 
landscape when compared to other study sites, accounting for its lower observed increase in 
sediment yield over other sites with lower amounts of cumulative harve t. 
It should also be noted that assessment of hi torical torrn activity for each of the 
regional subsets is limited to data collected by two climatic stations. It i therefore po ible 
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for large torm event or period f rainfall to be received by individual catchment that were 
not detected at these tation , providing opportunity f r catchment sediment yields to be 
influenced outside the bound of thi tudy de ign. 
Regional comparisons 
Table 3-5 di play geomorphological variable including the minimax sediment yield 
for each catchment, catchment area and drainage den ity. The coa tal ba ins have a larger 
average maximum ediment yield (52.4 t 1cm-2 yr" 1) than tho e calculated for central interior 
sites (17.1 tkm-2yr"1). This is not urpri ing due to higher slope and larger amount of 
rainfall seen in coastal catchment . Maximum ediment yields in the central interior sites are 
generally lower due to lower amount of precipitation in the form of rain, gentler slopes and 
possibly the use of winter logging technique . Unnamed Lake in the north has abnormally 
high annual sediment yields which are discussed below. 
No significant relationship between maximum or average basin sediment yields and 
basin area are observed. Church and Slaymaker ( 1989) proposed that undisturbed 
catchments in British Columbia between 40 km2 and 104 km2 in size had a linear specific 
yield approximately proportional to (area)°-6• The view of Walling and Webb (1996 ), i that 
sediment delivery rates for disturbed catchments generally decrease with an increa e in basin 
size. Dedkov and Mozzherin (1996), propose that specific sediment yield and catchment 
area may have either positive or negative relationships based on the importance of channel 
and slope erosion. They suggest that a negative relation hip exi ts in areas of human 
disturbance, poor vegetative cover and strong surface erosion (Dedkov and Mozzherin, l 996; 
Walling and Webb, 1996). All ba ins with the exception of two in thi tudy ar maller than 
40 km2, but all are located within the same geographic setting a tho e tudied by hurch and 
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Table 3-5: Regional ediment yield and geomorphic ba in parameter 
Sediment Yield Basin Area Drainage Density Road Density 
Central Min Max (knr) (km•knr2) (km•km·2) 
Interior lakes 
Woodcock 10.5 19.2 5.6 0.5 1.4 
Tang l 5 2.6 30 9 17 1.7 
Pitoney 52 10.0 60.3 l 9 1.3 
Laurie 41 16.0 9.3 0.9 1.3 
Upper Summit 7.7 22 .1 n 03 :u 
Wendie 4.2 73 23.5 2 l 0 .4 
Jakes 18 l 22.6 12 0 .3 1.7 
Unnamed 21 2 68 0 2.1 0.0 0.0 
Secord 2.1 6.5 2.2 0.5 01 
Boomerang 23 49 39 I 3 0.0 
Justine l 7 9.0 43 .7 2.6 0.0 
Group Mean 7 I 17. l 16 9 1.1 1.0 
Vancouver Island 
lakes 
................................................................................. .. ................................................. -........................................ 
Pachena 15 7 56 7 1.9 0.3 3.8 
Sugsaw 3.8 65 8 6.0 1.0 3.8 
Toqua rt 3.5 10.7 66.8 2.0 0.2 
Little Toquart 42 8.8 9 .9 1.2 1 2 
Black 7.8 11.2 3.6 1.9 3.2 
Blue 3.7 11.0 5.3 1.0 1.0 
Frederick 8.0 44.5 6.0 1.6 2.8 
Cataract 149 13 1.0 16.2 u 0.9 
Angora 5.8 19.2 2 I I 0 1 'i 
Maggie 9.5 145.4 54 .3 1.9 3.0 
Group Mean 7.7 52.4 17.2 I 1 2 ,1 
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Slaymaker (1989). Our data et, which incorporate catchment ize at the low end of the 
di tribution evaluated in the e regional and global tudie doe not indicate any ignificant 
pattern between ba in ize and yield variable , which could be a functi n of le interim 
storage due to our mall catchment area . 
Drainage and road den itie could be expected to reflect difference in event response 
magnitude. Increa ed t:ream length provide a potential conduit for ediment tran port from 
the catchment to the lake, while road provide additional ource of ediment and indirectly 
increase drainage density due to ditching. Higher densities of roads are noted in coastal 
catchments (Table 3-5). 
Unnamed Lake ha the highe t maximum ediment yield of the ites sampled in the 
central interior. No anthropogenic or catastrophic influence appears to influence its sediment 
yield profile and no indication of disturbance is apparent from aerial photography. The site 
has had no recorded harvest activity within its small catchment and remains an unexplained 
outlier at this time. 
Conclusions 
Results show that the response of sediment yield to forest harvesting in Briti h 
Columbia basins can fall along the full range of change associated with the natural 
disturbance events observed within this study. The data indicate that logging activities may 
increase the amount of sediments delivered to lake for ubsequent depo ition. It al 
suggests that the activity having the greate t influence over basin sediment yields in this et 
of lakes is likely lo have been the open pit mining operation north of Maggie Lake. Large 
magnitude earthquakes may produce an equivalent cale of re ponse on long tem1 diment 
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yield as those attributed to logging activitie . Wildfire , torm and wet climatic year 
appear to have al o produced a noticeable increa e in the ediment yields, but in our tudy 
site they are an order of magnitude lower than earthquake and mining effects. 
With knowledge of the occurrence of regional di turbance event which often overlap 
with logging activities, interpretation of ediment yield becomes difficult. One must note 
that even when cata trophic event do not occur in the record, logging-related re pon es can 
still be tied to climatic factor uch as variable precipitation and nowmelt that are difficult to 
identify as individual factor . Any future catchment study u ing long term dating to 
reconstruct sediment yield for compari on with logging activitie hould attempt to account 
for regional influences within their data set. Long term water sampling tudies should also 
take regional events into consideration, while short term studies need to be aware of the 
events they represent in a temporal context. 
What is interesting to note is the contrasts seen in the apparent sensitivity of different 
basins to the varying degrees of natural and anthropogenic impact. Walling and Webb 
(1996) suggested further research into the sensitivity of catchments to anthropogenic 
changes. Several of the sediment yield profiles in this study suggest a range of sensitivity, 
with a few appearing to be resilient to the effects of harvesting (i.e. Sug aw (Southern) and 
Jakes (Northern) Lakes). 
Future assessment of individual catchment geology and oil type could be made to 
assess potential differences in erosion responses to fore try activities and natural event . 
Such differences could allow for additional interpretation of the changes ob erved in thi 
study and could also account for some of the variation observed in the ediment yi ld 
responses. 
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Additional tatistical analy i of the e data are undertaken to determine the 
relation hips between annual ediment yield and known impact variables including 
treamside harvest road con truction and tream cro ing ite . U ing yields calculated from 
the tart of logging activitie onward would reduce the difficulty of interpreting the influence 
of earlier cata trophic event and limit the 210Pb dating error that can play a role in the older 
portion of the sediment yield profile. The magnitude, frequency and locati n of harve t 
activity relative to ediment yield change are inve tigated u ing multivariate statistical 
techniques to refine relation hip ob erved here. 
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Chapter 4: Determining the relationship between harvesting, roading and 
morphometric variables to historical ediment yield variability of coastal 
and interior catchments of British Columbia, Canada 
Introduction 
Previou re earch ha indicated that logging activitie can increa e the amount of 
u pended ediment in local tream (Liken et al., 1970· Harr, 1986; Blackburn et al., J 990; 
Johnson, 1993). Road u age, logging on teep lope and the con truction of bridge have 
been activitie identified a activitie that influence u pended ediment (Brown and 
Krygier, 1971· Be chta, 1978; Reid et al., 1981; Chamberlin, 1982; Harr and Fredrik en, 
1988; Bilby et al., 1989; Davie and Nelson, 1993). However, long term impacts of harvest 
activities are only presented in a few studie and they are predominantly concerned with 
changes in stream discharge (Hewlett and Helvey, 1970; Hornbeck, 1975; Bosch and 
Hewlett, 1982; Hoag, 1987; Hornbeck et al., 1993; Jone and Grant, 1996). Few tudies have 
investigated the long term potential for harve t impacts in Briti h Columbia catchments and 
even fewer have used lake sediments as indicators of harvest induced disturbance (Miller et 
al., 1996). 
The primary focus of this study is to determine if individual logging activitie can be 
statistically related to post harvest changes in annual sediment yields at the catchment scale. 
Paleolimnology is used to reconstruct annual catchment sediment yields by dating lake 
sediments using 210Pb. With the historical records of catchment logging activitie , available 
from forest companies in British Columbia (B.C.) , these activities will be compared to 
calculated annual ediment yields for a number of lakes ampled and dated by 210Pb. The 
annual records for timber removal, road constru tion, bridge cro ing and tream ide 
harvest in several different ba in will be tatistically compared to annual ediment yi ld . A 
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te t of morphometric irnilarity between ampled catchments will be done to ensure 
comparability. 
Thi tati tical analy is identifie which logging practice are suggestive of increases 
in rate of fine ediment er ion. A direct compari on between activitie that increase yields 
in the central interior and coa tal area are made, providing in ight as to which practices 
hould be moderated to reduce ero ion of fine ediment . Recent change to harvest 
regulation in the B.C. Fore t Practice Code (FPC) that wa introduced in July,1995 to 
mediate disturbance may not a yet be ob erved in the historical data et. However, 
comparison will be made between recent activitie and older practices to determine if 
difference occur in generated fine sediment . This comparison may lend upport to the 
argument that harvest practices have been improving in recent decades with improved 
practices in relation to road con truction, addition of tream buffers and greater concern for 
slope stability. 
Quantification of the logging activities that occurred over the temporal range of 
calculated sediment yields are produced by using historical for est cover mapping. 
Geographical information systems (GIS) are useful in characterizing the area and spatial 
location of activities that have occurred within a catchment. These data combined with date 
provided by the British Columbia Ministry of Forests (MOF) allows the generation of a 
temporal record of cutting, road construction, stream ide logging and bridge con truction. 
Annual values of catchment sediment yields are statistically compared to the re pective 
annual harvesting activities in each basin. 
This approach of using lake sediments and 210Pb dating to recon truct hi torical 
sediment yield profiles and statistically correlating these change with harvest activities ha 
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advantage over real time in- tream monitoring project . It eliminates the need to monitor 
tream channel for changes in sediment over long period of time and also remove in-
tream mea urement difficulties related to ampling frequency (Buntle and Macdonald , 1995; 
Olive et al. , 1995 ; Corner et al., 1996). 
Previous research relating anthropogenic influences to increase in lake sedimentation 
rate have been conducted by Batterbee, et al., (1985) and Parkin on, et al., (1977). 
Batterbee et al., (1985) ha hown that lake edimentation rate derived from 210Pb dating can 
be correlated with activitie that occur within a catchment. Control lakes in his tudy bowed 
little change in edimentation rates over the 180 year core record while all catchments with 
disturbance showed increase of up to 11 time that of background level . Parkinson et al., 
( 1977) used sediment traps at the bottom of two lakes in an attempt to detect increases in 
sedimentation rates relative to logging activities in the surrounding catchments. Over the 3-
year period of the study, they observed that roads and skid trails con tructed in erodable soils 
are the main sources contributing to high levels of lake sedimentation measured in their traps 
80 km east of Prince George, BC. 
Other studies by Brown and Krygier (1971) found a doubling of suspended ediment 
in streams after road construction, but prior to timber removal. Beschta (1978) attributed the 
primary source of stream suspended sediments to roads while Johnson (1993) correlated 
suspended sediment runoff to the amount of use logging roads receive. Chamberlin ( 1982) 
and Harr and Fredriksen (1988) found indications of increased suspended ediment below 
stream crossings while Davies and Nelson ( J 993) found increases in fine ediments that have 
infiltrated stream beds 30 to 50 years after bridge con truction. 
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It i clear that individual activitie that accompany clear cut logging influence the 
amount of u pended sediment . If the effect of the e individual activitie can be 
differentiated and determined to have an effect on the ediment record at the catchment cale, 
210Pb dating and GIS analy i will be con idered an important technique in monitoring long 
term impact cau ed by individual harve t operation . The determination of influence at the 
catchment cale i imp rtant a it would put potential fore t harve t impacts into a larger 
spatial context. Further identification and quantification of the influence of individual 
fore try activitie on fine ediment production i paramount in any continued attempt at 
mediation. Natural di turbance events influencing ediment yields of lakes within thi study 
are reported el ewhere (Chapter 3). 
Study methodology 
Catchments used in this study are small in size (less than 67 km2) with a mean 
drainage area of 17 km2 . Sites are located on the west coast of Vancouver Island and in the 
vicinity of Prince George in the central interior regions of the province (Figures 1-1 and 1-2). 
A set of lakes was selected from each region, 11 from the central interior and 10 from 
the west coast. Four of the basins selected in the Prince George area had no harvesting 
activities within their catchment boundaries. Criteria for site election are detailed in Chapter 
3, and included factors such as uniform biogeoclimatic zone, catchment size, unifonn lake 
bathymetry and low order local hydrology. 
Climatic information for the Vancouver I land and Prince George area di play 
classic maritime and continental regime for both temperatur and precipitation (Appendix 
1). Average annual rainfalls of 1765 mm for Vancouver I land and 400 mm for Prince 
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George were observed at tation operated by the Department of Environment. Snowfall in 
the interior averages 234 cm annually. Coa tal Dougla -fir, western hemlock and red cedar 
are characteristic of Vancouver Island fore ts while white pruce, ub-alpine fir and 
lodgepole pine dominate the f re t cover near Prince George. Topography on Vancouver 
I land i much teeper and varied than that of the central interior (Lowe and Klinka, 1981). 
Soil on Vancouver Island are dominated by ferro-humic podzol which have thick 
surface organic horizon while Prince George oil consist of gray luvi ol which contain 
lower organic matter content (Val en tine et al., 1978). Soil variability was not con idered in 
thi study as basin elected were within uniform biogeoclimatic zones at the regional scale. 
Coring, 210Pb dating and calculation of sediment yields 
Lake access was gained from local logging roads or by air for remote, undisturbed 
catchments. Two cores were extracted from the deepe t point in each lake which was 
accessed by either canoe or float plane. A mini-glew gravity corer was used which produced 
cores ranging from 40-50 cm in length and 7.62 cm in diameter. These were ectioned into 
0.25 cm intervals for 210Pb dating and organic matter content by loss on ignition analy is 
(LOI) . 
Standard 210Pb dating methods were used on 20 subsections of each core (Binford, 
1990; Appleby, 1997). 137Cesium dating on several core i currently being conducted to 
corroborate 210Pb dates: preliminary results show a good match between the two technique 
after approximately 1963 which is the lower limit of 137Ce ium dating. The con tant rate of 
supply (CRS) model was employed in the calculation of core date as it is con idered mo t 
accurate when compared to independent dating techniques (Binford, 1990). 
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Sedimentation rate calculated by the Binford model for each core sub ection were 
linearly interpolated for the remaining core egment pr ducing an annual ediment yield 
profile for each lake (Binford, 1990). ediment yield wa calculated by u ing the annual 
edimentation rate in g cm-2 y(' multiplied by the lake pelagic area, divided by the total 
catchment drainage area. The pelagic divide in each lake i determined by u ing the 4 m 
bathymetric contour interval and repre ented the depositional area of fine sediments within 
each lake. The u e of the pelagic area avoid the inclu ion of the littoral zone where bottom 
sediment mixing caused by wind and horeline lumps could occur. 
Loss on ignition analysi was conducted on a number of core ub ections to 
determine the ratio between organic and inorganic material being delivered to each lake. 
Therefore, inorganic and organic yields were calculated for each catchment, along with the 
total yields, which are presented in Chapter 3 and Appendix 2. 
GIS data extraction and the impact statistic 
Forest cover maps were obtained in digital format from the British Columbia Ministry 
of Forests (MOF) 1995 inventory and terrain resource information maps (TRIM) from the 
British Columbia Ministry of Environment, Lands and Parks (MOELP). Thi information 
was entered into an Arc/Info geographic information system (GIS) for analysis. Basin 
characteristics and variables pertaining to forest harvest activitie were extracted from the e 
digital layers (Table 4-1, Figure 4-1). With the generation of a digital elevation model 
(DEM) from the contour layers, slope upon which individual fore try activitie took place 
were calculated. This allowed for the determination of such variable a cut block lope and 
the length of road construction on slope greater than 30 degree . Annual amount of road 
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Table 4-l: General Water hed hara teri ti 
Primary lake Watershed Total Total TotaJ Start of Surface 
Vancouver Island surface area area stream length road length % area harvest irregularity 
lakes <sokm) (sokm) t'lcn1) llcm) harvest activitv h1dex 
Pacheua 0 54 I 9 0.7 7 3 79 I 1947 1748 
Sugsaw 061 60 ",7 23 4 920 1955 1171 
Toquart 11'\ 668 D04 154 57 198.1 1082 
Little Toqoart 0.55 99 11 7 I 16 220 1980 1403 
Black 064 36 69 I I 6 35 I 1969 1571 
Blue 0.47 5 l 56 11.3 104 1992 1063 
Frederick 037 60 98 167 769 1936 2174 
Cataract 144 16 2 206 15 2 209 1965 1910 
Angora OJ I 2.1 2.1 32 14.4 1984 3663 
Maggie 2.49 54 3 103 .0 161 9 59 0 1933 1590 
CentraJ Interior 
----------------------------------------------------------------------------------------------------lakes 
Woodcock I 33 56 JO 78 27 7 1976 251 
Taiig 0 44 309 53 2 530 45 3 1960 545 
Fitoney I 76 603 116.7 809 345 1963 833 
Laurie I 00 9.3 87 LI 7 10 2 1964 544 
Upper Summit 097 33 09 I I 0 62 5 1960 472 
Wendie 0.51 23 5 494 106 165 1982 1649 
Jakes 0.58 l 2 0.4 2 l 68 2 1962 724 
Unnamed 0.79 2.1 00 00 00 426 
Secord 0.40 2.2 I I 07 00 - 305 
Boomerang 052 39 50 00 00 - 460 
!Justine 248 4n 112.6 00 ()0 - 'it8 
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Figure 4-1: GIS coverages and related variables 
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con truction were determined where possible from MOF documentation, and sub equently 
by ob erving dates of proximal cut block harve t if no information i available. 
U ing the DEM, a urface irregularity index wa calculated for each catchment to 
repre ent the frequency of lope change. A lope increase within a catchment, a greater 
number of triangular irregular network (TIN) polygons were generated from the DEM to 
repre ent that change in lope. Thi can be ob erved in Figure 4-1 where the number of TIN 
triangle generated on the ea tern ide of the catchment corre ponds with the den ity of 
contours. Therefore, a catchment with a greater average slope would have a larger number of 
TIN polygons than a lower sloped catchment. To generate a tandardized value that would 
allow compari ons between the slope of different sized catchment , the number of TIN 
polygons is divided by the drainage area. This re ulted in the surface irregularity index with 
units of polygons per square kilometer. 
These TIN polygons that are generated from the DEM were also overlain with forest 
cover polygons that had been identified as harvested, resulting in a coverage that consist of 
polygons that have dates of harvest and slope. This allowed for the determination of cut 
block slope at the 20 meter resolution of the original DEM model. 
An impact statistic was calculated for each TIN cut block u ing its lope and 
proximity to local stream channels and lake shore, as these factors should influence the 
amount of fine sediments delivered to the lake. This statistic would replace the measurement 
of percentage harvest per year in the statistical analysis with a value that would take into 
consideration the distance of that activity from transport channel and the slope upon which 
that harvest activity took place. The formula that was u ed to derive thi tati tic hown a 
equation 4-1. 
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( quation 4-1) I I = L (AS) o-lc-110000 
y n 
Where (I) represent the impact tati tic for the year (y) (no unit ); 
(n) repre ent the number of TIN polygon that are harve ted in (y); 
(A) repre ent the area of the polygon (m2)· 
( ) repre ent the lope factor of the polygon, calculated from the DEM; 
(D) repre ent the down lope di tance of that polygon to the oeare t stream or lake 
hore (n1) 
(C) repre ent the catchment area (m2), and 
l 0000 i used to con erve decimal place in Arc/Info. 
The formula wa de igned to increa e the impact value of a harvested TIN polygon 
when its lope increa e and a it down lope distance to treams and lake hore decreases. 
Conver ely, if a harvested polygon had a very low slope and is located a considerable 
distance from a stream transport channel, the impact tatistic calculated for this individual 
polygon would be much lower. The impact stati tic of all cut blocks being harvested in a 
single year i ummed to produce an annual impact tatistic for each catchment. The division 
by the drainage area is made to allow annual impact values to be comparable between sample 
basins with respect to catchment area. 
Values for each of the variables required for calculating the impact statistic are 
available from the coverages presented in Figure 4-1, with the exception of the down lope 
distance. It was necessary to use Arc/Info's least-cost-path algorithm to determine the 
shortest down-slope distance from the lowest point of elevation in each TIN polygon to the 
linear features of streams or lake shore (figure 4-2). This algorithm was de igned to draw a 
line along a path that had the lowe t cost value moving from the start point in a grid to any 
number of potential end points. The cost of moving thr ugh the grid in thi case, wa the 
value for elevation calculated by the D M for each grid location rai ed lo a power en uring 
proper down- lope movement. The path would be drawn along the line that had the lowe t 
61 
Figure 4-2: Example of Lea t co t distance algorithum 
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total pos ible co t from the start point to any of the linear end points. The distance that this 
path traveled is calculated in meter by u ing the re olution of the grid (2 m) and determining 
how many pixel con tituted the total path. Horizontal, vertical and diagonal movement on 
the grid are tallied to calculate ground di tance. Vertical or horizontal movement from one 
grid quare to another along the path would repre ent 2.0 meter of ground di tance, while 
diagonal movement would repre ent "1(22 22) = 2.83 meters of ground distance. 
To verify that the e paths moved downhill, and to allow for the calculation of down 
slope distance, the change in elevation from the start point to the end point of the path was 
recorded for each harvested TIN polygon. Down slope movement in the algorithm was 
verified by a negative change in elevation from the start to end points. This elevation change 
was used along with the ground distance of the path to calculate down slope djstance via 
Pythagorean theorem. 
Generating the databases and Cheong's similarity index 
A compilation of morphometric and annual harvest related variables were entered 
into an individual data base for each of the 21 study catchments. Annual organic and 
inorganic sediment yields calculated by 210Pb dating and LOI were cross referenced by date 
to harvest variables. Annual precipitation and basin characteristics are al o pre ent, although 
catchment morphology had no annual variation. Most of the variables are standardized by 
basin area to allow for inter-basin comparison. From these 21 catchment , two regional 
databases referred to as the Prince George and Vancouver Island full data et are created. 
Although differences in basin size had been controlled for by u ing standardized units 
of measure, many other differences between basin morphologies still exi t. Therefore before 
statistical analysis of the data, Cheong' s ( 1993) imilarity index wa, u ed to determine which 
63 
basin in each regional et had comparable morphometric feature . Hi technique use 14 
morph metric variable (Appendix 4) that can be calculated fr m TRIM and contour maps , 
in a clu ter ana1y i to produce a value of di imilarity that exi t between a group of 
catchment (Table 4-2). The lower the di imilarity value within a group of catchments, the 
greater the imilarity between their morphologie . 
Regional ub et data ba e were initially compiled by using the dissimilarity index in 
Table 4-2. Di imilarity value of 3.3 and 5.5 are elected for the Prince George and 
Vancouver Island ub et leaving 7 and 6 ba in in each preliminary ubset, re pectively. In 
most cases, the ba in with larger drainage areas and irregular catchment hape are omitted 
by Cheong' classification (1993). Central interior basins had lower di similarity scores than 
those observed for Vancouver Island, atte ting to the greater variation in morphology 
between coastal catchments. 
The sediment yield profiles and non-harvest related phenomena 
Several natural disturbance events are identified as potential influences of the 
sediment yield profiles of basins within this study (Chapter 3). As well, mining operation 
which extracted ore from 1962 to 1968 in Maggie Lake's catchment generated a con iderable 
sediment yield response. A 1946 earthquake on Vancouver Island may have initiated an 
increase in sediment yield between the years of 1946 and 1965 in Frederick Lake's 
catchment (Chapter 3). These event peaks are removed from the profile of the e two ba in 
providing conservative estimates of impacts from harvesting (Figure 4-3). 
An additional basin i removed from the central interior subset due to it ediment 
yield profile. Unnamed Lake had maximum ediment yield ( 120 t km 2 yr 1) an order of 
magnitude higher than any other central interior catchment. The lake had no harve t 
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Table 4-2: Basin dissimilarit! anal!sis and values for regional data sets 
Vancouver Island Full Data Set 
Cluster Cycle No. of Groups Cluster Level Reference Basins in I Basin Key 
(Dissimilarity) Basin Group 
- 1 Angora 
1 9 2.01 6 9 2 Black 
2 8 2.23 2 69 3 Blue 
3 7 3.45 2 569 4 Cataract 
4 6 4.85 3 4 5 Frederick 
5 5 5.57 2 3 45 6 9 6 L Toquart 
6 4 11.8 2 345689 7 Maggie 
7 3 14.23 7 10 8 Pachena 
Q\ I 8 2 22.05 l 2345689 9 Sugsaw Ul 9 1 35.94 1 2 3 4 5 6 7 8 9 10 10 Toquart 
Central Interior Full Data Set 
Cluster Cycle No. of Groups Cluster Level Reference Basins in II Basin Key 
(Dissimilarity) Basin Group 
- 1 Boomerang 
l 10 0.87 2 11 2 Jakes 
2 9 0.92 1 4 3 Justine 
3 8 1.37 7 10 4 Laurie 
4 7 2.11 2 6 11 5 Pitoney 
5 6 3.01 1 4 7 10 6 Secord 
6 5 3.36 1 246710 11 7 Upper Summit 
7 4 4.43 8 9 8 Tang 
8 3 8.61 3 89 9 Wendle 
9 2 19.31 3 589 10 Woodcock 
10 l 24.64 1 234567891011 11 Unnamed 
Figure 4-3: Alteration of sediment yield profile due to U!_lrelated phenomena 
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activitie , had a urface irregularity index lower than eight other central interior catchments, 
a very mall drainage area (2.1 km2) and no vi ual ign of natural or anthropogenic impacts 
from an aerial survey. Thi left ix comparable ba in in each regional data subset with a 
total of 206 collective year of po t harve t data in the central interior and 192 years for the 
coast. 
Ju tine Lake, although a control with no harve t operation , may have experienced 
increase in sediment yield due to fire activity (Chapter 3). As Justine fall out ide the ubset 
for the Prince George area due to it di imilarity value, it hould only be of concern when 
interpreting re ults from the full data et. A erie of earthquakes that occurred in the 
proximity of Prince George in 1986 also had the potential to influence ediment yield in all 
central interior basins. Therefore a dichotomous variable is added to the years of 1986-1996 
in the central interior sample set to represent these events ( 1: representing post earthquake 
yields; 0: representing pre earthquake yields) in order to determine potential influence. 
Statistical approach 
In order to compare organic and inorganic sediment yields to the morphometric and 
logging related impact variables that are generated using GIS, multivariate canonical 
correlation (CC) is performed on each data set u ing the Statistical Package for Social 
Science (SPSS). The use of the terms dependent and independent variable are used below for 
ease of discussion, as canonical correlation does not have dependent and independent 
variables, but simply two sides of one equation. However, in thi context. the ide that hold 
the variables of annual inorganic and organic ediment yield are ref erred to a depend nt 
variables and all impact related variable on the oppo ite ide are referred to a mdependent. 
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Canonical correlation produces variable loading that will be u ed to detenrune if any 
independent variables (logging activitie ) correlate to dependent variables ( ediment yields). 
The technique i imilar to multiple regre ion but allow more than one variable on the 
'dependent' ide of the equati n. Groups of variable are combined on each ide of the 
equation to produce a predicted value that correlate rughe t with the predicted value 
generated on the opp ite side. Since there i more than one po ible combination of 
variable that can be used, different olution are generated and individual variable loadings 
for each olution are produced (Tabachnick and Fidell, 1996). The statistical significance a 
correlation value and the amount of variance explained by each solution is derived. Variable 
loadings for each dependent and independent variable are generated for each solution. The 
value of a solution can also be assessed by its level of interpretability. 
The assumptions of CC that may be of concern include its dependence on finding 
linear relationships between variables within the data set. Non-linear relationships that exist 
between variables are unlikely to be found by this technique. A difficulty also arises in the 
interpretation of variable loadings in any given solution, since these relationships need to be 
substantiated by other statistical methods before rankings of variables can be drawn from the 
output. Principal component analysis (PCA) and factor analysis are two additional 
multivariate techniques that are conducted on each data set in order to verify statistical 
loadings produced from the canonical correlation. Statistical output between PCA, FA and 
CC is identical for the purposes of interpretation. 
Tests for multicollinearity between variables in each basin full and ubset are 
conducted through correlation matrices while Mahalanobis distances are u ed to identify 
potential multivariate outliers in each data set (Tabachnick and Fidell, l 996 ). Correlation 
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between et and aero et did not exceed 0.90 and no multivariate outliers are identified 
that are not verified a being valid in the context of the data. 
Results and discussion 
Lag in sediment delivery 
Attempt to quantify lag between the start of logging activities in a catchment and 
subsequent changes to yield were un ucce ful due to the variability in ba in re ponses. 
However, examining result from the CC run with cumulative impact variables versu annual 
value indicated that the predictability of impact increased considerably using the cumulative 
harvest values. Therefore indication of lag within the e mall catchment units i supported 
by the CC analysis. All results presented below are from the data sets using cumulative 
values in all harvest related variables, including the impact statistic. 
Central interior data set 
Canonical correlation results for the Prince George sample sets are presented in Table 
4-3. The second solution from the CC is presented for the full data set since it accounted for 
the greatest amount of variance (34.3%) and had loadings that could be readily interpreted. 
Loadings that are greater than ±0.35 are considered relevant. Literature ugge ts a loading 
value of ±0.30 as a lower limit for interpretation. We have selected ±0.35 for con ervative 
analysis of the data. The closer the value is to ± 1.0, the stronger the variable loading on the 
solution. The canonical correlation for the full set solution i 0.66, p < 0.00 l, a= 0.05. 
Inorganic and organic yields both positively loaded on the solution, along with the 
independent variables of the cumulative impact tatistic, surface irregularity and road 
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Table 4-3: Central Interior CC variable loadin s 
North - Full Set North - Subset 
Second Solution Second Solution 
Percent Variance 34.250 53.570 
Eigen Value 0.760 1.340 
Correlation 0.657 0.757 
Significance < 0.001 < 0.001 
Dependent Variables 
Inorganic Yield 0.999 0.989 
Organic Yield 0.768 0.945 
Independent Variables 
Impact Statistic 0.532 0.665 
Stream Crossings 0.110 0.177 
Surface Irregularity 0.390 0.830 
Road Density 0.451 0.583 
Road Density > 30 deg 0.279 O.OOOt 
Streamside Logging 0.237 0.424 
Annual Rain Fall -0.064 -0.045 
Earth uakes 0.332 0.277 
t all values zero in variable 
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den ity. The interpretation of the CC indicates that a the e independent variable rncrea e, 
organic and inorganic yield al o increa e. 
The second CC olution for the ubset of central interior ba in i al o presented in 
Table 4-3. Note that the amount of variation accounted for ha increa ed to 53.6%. The 
canonical correlation for thi olution i 0.76, p < 0.001. Again, inorganic and organic yields 
load po itively on the s lution. Independent variable that al o load po itively include the 
impact tati tic urface irregularity, road den ity and treamside logging. All of these 
variable have higher po itive loadings in the sub et as compared to the full et, while the 
percentage of stream ide logging becomes large enough to be interpreted a an important 
variable. A loading for road on lope greater than 30 degrees cannot be calculated, as all 
values for this variable in the subset of catchments are zero. 
The earthquake dichotomous variable failed to make the required loading of ± 0.35 in 
either the full or sub data sets. This may be due to the fact that only a small number of 
catchments are affected (n - 2), or that the overall effects are limited in comparison to other 
variables (Chapter 3). Providing links between earthquakes and ubsequent generation of 
sediment sources in British Columbia such as landslides has only been undertaken on the 
coast by Mathews (1979) where increases in the number of land lides after an earthquake are 
observed. 
Vancouver Island data set 
The CC for the Vancouver Island full and sub data et are pre ented (Table 4-4). In 
the case of the full data et, both solution are presented for interpretation. Inorganic yield 
loads strongly on the first (0.98), while organic yield load on the first (0.50) and econd 
(0.87) solution. Independent variables which load positively with inorganic yield in the fir t 
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Table 4-4: Vancouver Island CC variable loadin s 
South - Full Set South - Full Set South - Subset 
First Solution Second Solution First Solution 
Percent Variance 38.154 11.960 72.06 
Eigen Value 1.734 0.429 6.510 
Correlation 0.796 0.548 0.931 
Significance < 0.001 < 0.001 < 0.001 
Dependent Variables 
Inorganic Yield 0.978 0.209 0.994 
Organic Yield 0.497 0.868 0.821 
Independent Variables 
Impact Statistic 0.473 0.177 0.638 
Stream Crossings 0.876 -0.022 0.606 
Surface Irregularity 0.026 0.452 0.769 
Road Density 0.031 0.231 -0.073 
Road Density > 30 deg 0.511 0.102 0.546 
Streamside Logging 0.446 -0.214 0.309 
Annual Rainfall 0.021 0.052 -0.002 
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olution include the cumulative impact stati tic, tream crossing , road density on slopes 
greater than 30 degree and treamside logging. Organic yield loads positively in the second 
olution with surface irregularity. 
Focu ing on the olution for the ub et, increa e of 22o/o over the explained variance 
accounted for in both olution for the full data et are ob erved. Inorganic and organic 
yield both load po itively on this olution along with the impact tati tic, stream crossing , 
surface irregularity and road den ity on lope greater than 30 degrees. The canonical 
correlation for the sub et i 0.93, p < 0.001. 
CC analy i indicate that ba in morphometrics and everal logging related activities 
influence sediment yield at the catchment cale. Morphometric variables include surface 
irregularity and in part the impact tatistic. Logging effects include the impact tatistic, the 
number of stream crossings, road den ity, road density on slopes greater than 30 degrees and 
the percentage of streamside logging. (Note that two of the variables incorporate both 
morphometric and anthropogenic effects). In most cases, the loadings of these variables and 
the amount of variance explained by the solutions increase as dissimilarities between 
catchments in the data sets decreases. 
Morphometrics and stream density 
The variable of stream density was initially considered for use in the CC analy i . 
However, since the number of unique stream density values in each data et are limited to the 
number of catchments used (n = 6 in each subset), a univariate correlation wa conducted to 
test its viability. Regression analysis of tream den ities of each catchment with both 
average sediment yields and sediment load was undertaken. Load are u ed to identify 
potential spuriou correlations that may occur due to the u e of km2 in each vanable 
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denominator ( tream den ity in km km-2 and ediment yield in t km-2 y(\ Re ults indicated 
that a ignificant negative correlation between average yield and stream density existed for 
the northern data et, -0.74, p = 0.01 (n = 11). Te ts for the outhern data set, and a total 
combined data et yielded no ignificant re ult (n = 10 and 20, re pectively). After 
removing the effect of ba in area in the regre ion the correlation using average ediment 
load (t yr-1) for the north did not confirm the tati tically ignificant correlation between yield 
and tream den ity 0.49, p = 0.145. Therefore tream den ity was not included in the 
multivariate analy i . Thi lack of pattern between tream den ity and sediment yield may 
reflect either channel storage of materials, small ample size or poor quality stream length 
data. It should also be noted that stream density value calculated fro1n the TRIM only 
include streams visible from aerial photography. 
All other variables in the analysis had a greater number of unique annual values, with 
the lowest being road densities which vary annually with construction (n = 11 and n = 40, for 
the northern and southern subsets respectively). Relationships between sediment yield and 
area were discussed in detail in Chapter 3. No significant relationships were found between 
catchment area and average or maximum sediment yields. 
Impact statistic 
The impact statistic is calculated to take into account the factor of slope and di tance 
in relation to the amount of fine ediments that a lake would receive from a cut block. ln 
order to test the effectiveness of the tatistic, CC is run for each regional ub et with an 
annual cumulative percent of catchment cut in the place of the impact tati tic (Table 4-5). 
These results indicate that the GIS derived impact tati tic proved to be a much b tter 
indicator of disturbance than annual cut in the outhem basins of Vancouver I land. 
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Table 4-5: Cumulative % harvest subsets 
North - Subset South - Subset 
Second Solution First Solution 
Percent Variance 56.800 66.690 
Eigen Value 5.990 5.460 
Correlation 0.926 0.919 
Significance < 0.001 < 0.001 
Dependent Variables 
Inorganic Yield 0.669 0.984 
Organic Yield 0.937 0.781 
Independent Variables 
Percent Harvest t 0.906 0.027 
Stream Crossings -0.128 0.588 
Surface Irregularity 0.261 0.755 
Road Density 0.788 -0.054 
Road Density > 30 deg O.OO()f 0.588 
S treamside Logging 0.326 0.340 
Annual Rain Fall -0.027 -0.001 
t Percent cumulative harvest subsutulcd for c.,'llmulaOve impact ·tatlstlc 
f All values zero in variable 
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In comparing re ult from the first CC subset (Table 4-3) with Table 4-5, the 
amount of variance explained by the percentage harve t in the central interior (56.8%) is 
slightly higher than the solution with the impact tati tic (53.6% ). Canonical loadings for the 
dependent variable are increa ed in the case of road den ity but decrea e below ± 0.35 for 
urface irregularity and tream ide logging. The dependent variable loading of inorganic 
yield decrease from 0.99 to 0.67, while organic yield remain relatively the ame (0.95 to 
0.94). anonical correlation for the impact tati tic and cumulative percentage harvest in the 
northern ub et are 0.76 and 0.93 re pectively. 
Result from the southern data et indicate that cumulative percentage harve t did not 
load significantly (0.03) and therefore would not be con idered a factor in increa ing 
sediment yields. Alternatively, the impact stati tic loads with a trong positive relationship 
(0.64) (Table 4-4 ). Therefore. the impact statistic appears to be a better indicator of cut block 
influence on fine sediment mobilization and delivery, and factors such as slope, the distance 
of sediment sources from transport channels and the area of cut combine to play a key role. 
The cumulative annual percentage of catchment harvest doe not appear to be a good ingle 
indicator of catchment sediment yield increases. 
Age of logging practices 
In order to determine if older, pre 1980 logging practice in British Columbia 
produced more fine sediments than recent harvest practices. dichotomou variable are added 
to each basin indicating the start of cut (1: pre l 980' s, 0: control, - 1: po t 1980' , ). A econd 
dichotomous variable i added to each based upon regional location ( 1: outhen1 coast, - I: 
central interior). All catchment databa e were then combined for a canonical correlation 
which u ed regional I cation and the tart date of harve ta predi tor of inorganic and 
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organic yield . Six catchment in each regional data et ( 12 in total) had harve t activities 
tart before 1980 while five had logging after this date. Four catchments were included as 
controls. 
Loading for the relative age of cut and regional location versus yields are presented 
in Table 4-6. Re ult indicate that coa t ba ins have a higher fine sediment yield than tho e 
in the central interior. Thi lend upport to the notion that coa tal catchments are more 
sen itive to di turbance, and difference between regional location and even between 
individual catchments can have varying degrees of sensitivity (Walling and Webb, 1996). 
The loadings al o indicate that catchment which had harvest operation tart before the 
1980's are more likely to have larger fine ediment yields than those ba in which had more 
recent forestry operations. This supports the argument that harvest practices have had les 
impact since the 1980' s in regard to lowering the amount of fine sediment production 
(Chatwin and Smith, 1992). Additional CC analysis (not shown) which included the impact 
statistic and the dichotomous variables determined that variation in the magnitude of harvest 
did not alter the results presented in Table 4-6. 
Regional differences 
Harvest practices that statistically increase sediment yields within the coa tal and 
central interior regions are similar, but two individual variables tested by canonical 
correlation are considered relevant only in a single region. The number of stream cro mg 
influence yields on the coast, but fail to be of stati tical importance in the central interior. 
This may be related to the difference in average lope between the two region and the 
amount of annual rainfall received near the coa L R ad density on the other hand i, an 
indicator of sediment yield increa es in the central interior while roads on lope , greater than 
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Table 4-6: Age and regional location of harvest practices 
Total Data set 
First Solution 
Percent Variance 
Eigen Value 
Correlation 
Significance 
Dependent Variables 
Inorganic Yield 
Organic Yield 
Independent Variables 
Harvest Age t 
Watershed Location I 
t l : Pre l 980's, -1: Post l 980's, 0: Control 
J l : Coastal watersheds, -1: Central Interior watersheds 
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20.750 
0.442 
0.554 
< 0.001 
0.995 
0.603 
0.698 
0.778 
30 degree i an influencing factor in the uth (although there are no roads on slopes 
exceeding 30 degrees in the Prince George data et). Differences in the type of oil and the 
grain ize of the material may play a role in thi relation hip. 
Conclusions and recommendation 
210Pb and GIS methodologie , u ed toe timate change in sediment yield relative to 
morphology and anthropogenic impact, are important tool which allowed for the collection 
of a large spatial and temporal data set within a hort time period. U e of Cheong's 
similarity index ( 1993) was hown to increase both the variance accounted for by the 
solutions and loading in the CC analy is by removing ome of the morphometric confound 
that were not accounted for in the scale of this tudy. The e techniques have the potential to 
benefit other studies using multiple catchments in their analysis. 
A statistically significant relationship was found between the delivery of sediments 
from basins and the impact statistic, stream crossings, strearnside harvest, road den ities and 
slope. What is important to note is that the morphology of a basin appears to play an 
important role in the delivery process. Both the impact stati tic and urface irregularity index 
loaded strongly in each regional data set indicating that a consistent trend in process exi t 
regardless of regional location and differences in climate. The total area of logging in a 
catchment as well as the slope upon which that operation takes place appear to affect the 
amount of fine sediment generated for transport downstream. The ability of thi fine 
sediinent to be transported from lhe area of impact appear to be related to it di tan 'e away 
from transport channels, as indicated by the impact tatistic. In contrast regional difference 
in ediment yield value indicate that c a tal catchment , or catchment with steeply sloped 
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area may be more en itive to harve t activitie than lower loped areas of the central 
interior which may be a con equence of different catchment morphology and regional 
climate difference . 
Previou tudie have ob erved increa es in u pended sediments in tream in the 
proximity of logging activitie , but none have put them into the context of catchment cale 
influence . The canonical correlation loading in thi tudy ugge t that stream ide harve t 
and road con truction activitie may al o have measurable long term effects at the catchment 
scale and can be con idered important in the context of natural disturbance events (Chapter 
3). 
The re ult al o ugge t that that recent harve t technique may be generating fewer 
fine sediments than older harvest practice . Therefore, changes related to the amount of road 
construction, the numbers of streams bridged and the lopes upon which cut blocks are 
placed are all factors that can be mitigated to reduce the influence of logging on the long 
term impact downstream. The Forest Practices Code of British Columbia has addre sect 
some of the issues pertaining to streamside harvest, cut block size and unstable terrain. 
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Chapter 5: Conclusions 
In the preceding chapter the value of combining 210Pb analy i of sediment cores 
with GIS patial methods to e timate change in sediment yield relative to morphology and 
anthropogenic impact i hown. Thi approach allowed for the collection of a large patial 
and temporal data et within a hort time period. Cheong's (1993) di imilarity index 
allowed for ome mitigation of confounding factor which existed within the statistical 
analysis of the data et. The e two technique have the potential to be important tool in the 
development and analysis of other regional data set . 
The consi tency ob erved in the CC loadings between both regional dala ets sugge t 
that both catchment morphology and harvest activitie influence changes in the sediment 
yield profiles. The surface irregularity index characterizes the frequency of local lope 
change for the entire catchment which can govern the amount of material which can be 
transported within the system. The area logged in a catchment coupled with its slope and the 
downslope distance to the stream network was incorporated into the impact statistic which 
provided a better predictor of potential sediment yield increases than did the percent of 
annual harve t. The use of the impact statistic method can therefore be considered a u eful 
indicator of potential sediment yield increase and could also be used in similar tudie . 
In contrast, regional differences in the amount of sediment yield delivery may be a 
function of the morphometric and climatic difference which exi t between the two regional 
site . Potential differences in the ensitivity of individual catchment to logging practice 
can also be observed, as the sediment yield response of Sug aw ( outhem lake) and Jake 
(northern lake) appear to be unaffected by high harve t levels. 
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The re ult ugge t that logging activitie increa e ediment yield in small 
catchment . Timber harve t acti vi tie have been compared to other natural disturbance 
phenomena that have the potential to affect ediment yield . Thi comparison ha shown 
that timber removal and other natural di turbance may increa e ediment yields to similar 
level . The result al o indicate that harve t activitie and their impact can be ob erved at 
this catchment cale and over the long term record. lt wa al o noted that increa es in 
ediment yield profile can continue well beyond the period of timber removal due to lags 
associated with channel proce es. 
Specific logging activities that may increase yields for the two different regions are 
identified. Stream cros ing , tream ide logging and road den itie all have the potential to 
po itively influence sediment yields. Mining activities also have shown a potential to 
increase yields. Ob ervations of the sediment yield record in these 21 watersheds also 
affirms the need to investigate natural influences when quantifying logging impact a 
earthquakes and storms are also shown to have the potential to increase ediment yield 
profiles. 
The analysis suggests that more recent harvest practices may produce lower amounts 
of fine sediment yields from catchments when compared to older activities. This i an 
indication that improvements in these areas have been taking place in recent decade and 
supports initiatives such as the Forests Practices Code of B.C. to improve tandard and 
reduce impacts. 
Future short term, small scale tudies hould put their re ult into the context of 
catchment scale processes that influence yield over the I ng term. The ability to make 
c mpadson between the influence of an anthropogenic activity and tho e a ociated with 
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natural di turbance i paramount to putting an ob erved change into context. If a framework 
doe not exi t within which to compare ob ervation the importance of the e changes can be 
que tioned regardle of stati tical significance. 
Implication for fore t management include the need to mitigate specific harve t 
practice to reduce the generation of fine ediment erosion. The u e of buffer trip along 
tream , reducing road and bridge con truction a well as avoiding area of high lope may 
reduce the e yield . The indication that combined harve t impact can alter long term, 
catchment cale sediment yield profile to an extent equal to or greater than some natural 
disturbances highlights the need for mitigation. The ensitivity of different regions to harvest 
practice could provide additional information for future deci ion at the policy level in 
relation to where future harvest activitie may be concentrated within the province. 
Recommendations and future work 
Indications of decreasing fine sediment delivery to downstream lakes with more 
recent harvest activities are observed within the canonical correlation dichotomous loadings. 
Few studies have quantified long term changes in impacts relative to improved harvest 
practices, leaving room for additional investigations. Site pecific, point source tudie are 
also important to support the findings of the statistical analysis made here and to directly link 
activities to the introduction of sediments into streams. Individual activities that are 
identified by canonical correlation analysis as having a relation hip with ediment yield are 
not ranked in order of their influence. The literature indicate that lope failure and road 
construction are two of the strongest potential influence on ero ion related impact 
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(Fredrik en et al, 1975; Rood, 1984). However, the tati tical technique u ed here did not 
te t the e relation hip directly which therefore uggest future tati tical analy is. 
A es ment of catchment geology and oil type through variou oil map available 
from the B.C. Mini try of Environment may help explain difference in catchment respon e 
to the variou event that are hown to influence ediment yield . Impacted basin with a 
higher proportion of oil en itive to ero ion theoretically hould have higher increase in 
sediment yield than other with more table oil . The opportunity exists to incorporate 
variable representing oil stability with the information already gathered in this analysis to 
assess this theory. 
The potential for interim torage of fine ediment within lhese 21 watersheds is 
difficult to quantify beyond the indications of stronger stati tical ignificance with the use of 
cumulative impact variables over annual values. The potential for this storage has been 
mentioned by Arnaud (1997) where Maggie Lake's sediment yield profile increa e with the 
onset of logging and remains relatively static until the peak in 1995 ( with the exception of the 
influence of mining activity). Some further measure of interim torage or lag within the e 
small watershed systems that extends beyond down slope distance would be beneficial and 
could potentially be accommodated within the impact stati tic calculation. The incorporation 
of small upstream pond surface areas into the formula may also improve its correlation 
between logging activities and sediment yield increa es as these serve a temporary torage 
sites for fine sediments being tran ported from impacted areas. 
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Year Angora Black Blue Cataract Frederick L Toquart Maggie Pachena Sugsaw Toquart 
<t km-2 v( 1) (t km-2 v( 1 ) (t km-2 vr" 1) (t km-2 v( 1) <t km-2 vr"1 ) {t km-2 v( 1) {t km-2 v( 1) {t km-2 v( 1) (t km-2 v(1 ) (t km-2 v(1 ) 
1892 10.70 28.31 12.56 29.10 13 .79 11.59 9 .54 46.54 13.01 3.24 
1893 10.90 26.81 13.20 28 .37 13.50 11 .1 0 9.55 48.42 14.87 3.21 
1894 13.00 25.32 13.83 27.64 13 .22 10 .60 9 .55 50 .30 16 .73 3. 18 
1895 15.10 23.83 14.46 28 .31 12 .93 10 .10 9 .56 52.18 18.58 3.15 
1896 17.20 22.33 15.10 29.51 13.43 9 .60 9.57 54.06 .20.44 3. 12 
1897 19.29 21.62 15.56 30. 71 13 .96 9 . 10 9 .58 55 .75 22.30 3.10 
1898 18.65 21.60 15. 71 31.92 14.49 8 .60 9 .58 55.46 24.16 3.10 
1899 17.22 21.57 15.85 33 . 12 15 .02 8 .38 9 .59 55 . 18 25.91 3. 15 
1900 15.80 21.55 15.99 34.33 15 .5 5 8 .20 9 .60 54 .90 27.26 3.19 
1901 14.38 21.53 16. 13 35 .53 16 .08 8 .01 9 .61 54 .62 28.61 3.24 
1902 12.96 21.51 16.27 36 .7 1 16.61 7 .83 9.61 54.34 29.96 3.28 
1903 12.01 21.52 16.41 35 .2 0 17. 14 7.65 9 .70 54.06 31 .31 3.33 
1904 11.4 7 21.54 16.55 33 .7 0 17 .67 7.46 9.80 54 .31 48.55 3.37 
1905 10.94 21.57 16.56 32. 19 18.20 7 .28 9.90 54 .79 65 .79 3.42 
'° 
1906 10.41 21.59 16 .3 6 30.69 18.73 7.10 10 .00 55.27 65.65 3.46 
O"I 1907 9.88 21.62 16 .1 6 29.18 19 .27 6.91 10 . 10 55.75 48.12 3.51 
1908 9.35 21.21 15 .9 6 27.86 20. 15 7. 10 10 .20 56 .24 32 .66 3.55 
1909 8.81 20. 12 15. 76 26 .58 23 .63 7 .33 10 .31 56 .72 35.80 3 .60 
1910 8 .28 19.03 15.56 25.29 27. 11 7 .56 10.41 56 .70 38 .94 3.65 
1911 7.75 17.94 15.36 24.00 30.59 7 .79 10.51 56 . 15 42.08 3.69 
1912 7.22 16.85 15.17 22.71 34.07 8 .02 10.61 55 .60 37.54 3.74 
1913 7.05 15.76 14.89 21.43 37 .54 8 .24 10. 71 55 .05 32.15 3.78 
1914 7.00 14.67 14.58 20. 14 41 .02 8.47 10.82 54.49 26 .76 3.83 
1915 6.95 14.97 14.28 19 .66 44 .50 8 .70 10.92 53.94 21.81 3.87 
1916 6.90 15 .44 13.97 20.80 43 .5 6 8 .85 11 .02 53.39 20.88 3.88 
1917 6.84 15 .91 13.76 21.95 40 .53 8 .50 11 .12 51.39 19.95 3.87 
1918 6.79 16.38 13.60 23 .09 37 .50 8 .14 11.22 48.51 19.02 3.86 
1919 6.74 16.85 13.44 24.24 34.48 7.78 11 .33 45 .62 18.09 3.85 
1920 6.69 17.32 13.29 25.38 31.45 7.43 11 .44 42 .73 17 . 17 3.85 
1921 6.64 17.79 13. 71 26.53 28.42 7.07 11.56 39 .85 16.90 3.84 
1922 6.59 17.40 14.60 27.67 25.40 6 .71 11 .68 36 .96 16 . 70 3 .83 
1923 6.54 16. 77 15.50 28.82 22 .37 6 .35 11.80 34 .08 16.51 3.82 
1924 6.48 16.13 16.39 29.96 19 .34 6.00 11.93 32 .23 16 .31 3 .82 
1925 6.43 15.49 15.14 31. 11 16 .32 5 .64 12 .05 31. 15 16 .11 3.81 
1926 6.39 14.85 13.54 32.25 13 .29 5 .30 12. 17 30.06 15. 77 3.80 
1927 6 35 14.21 11.95 33.40 10 .27 5.47 12 .29 28.97 15 . 10 3.79 
Year Angora Black Blue Cataract Frederick L Toquart Maggie Pachena Sugsaw Toquart 
lt krn·2 v( 1) lt km·2 v( 1) (t km·2 v(1) (t km·2 v( 1) (t km·2 v( 1) (t km·2 v( 1) (t km·2 v( 1) (t km·2 v(1) (t km·2 v(1 ) (t km·2 v( 1) 
1928 6.31 13.58 10.35 34.54 8.07 5.64 12.41 27.89 14.42 3.78 
1929 6.27 12.94 8.75 35.69 8.35 5.81 12.54 26.80 13.74 3.78 
1930 6.23 12.57 8.92 36.83 8.64 5.99 12.66 25.71 13.07 3.77 
1931 6.19 12.32 9.34 37.98 8.92 6.16 12.78 24.63 12.39 3.76 
1932 6.15 12.07 9.75 39.12 9.21 6.33 12 .90 23.54 11. 71 3.75 
1933 6.10 11.82 10.17 40.27 9.50 6.50 13.02 22.45 11.03 3.75 
1934 6.06 11.57 10.59 41.41 9.78 6.67 13.15 21.36 10.49 3.79 
1935 6.02 11.32 11.00 42.56 10.07 6.84 13.63 20.28 10.08 3.83 
1936 5.98 11.07 10.31 43.70 10.35 7.01 14.56 19 .19 9.66 3.87 
1937 5.94 10.82 9.52 44.85 10.64 6.97 15.48 18.12 9.25 3.91 
1938 5.90 10.57 8.74 45 .99 10.93 6.80 16.40 18.00 8.84 3.96 
1939 5.86 10.32 7.96 47.14 11.21 6.63 17.32 17 .88 8.43 4.00 
1940 5.82 10.07 7.18 48.28 11 .50 6.46 18.24 17.76 8.02 4.04 
1941 5.78 10.18 6.39 49.43 11. 78 6 .29 19 . 16 17.64 7.60 4.08 
'° 
1942 5.80 10.33 5.61 50.57 12.07 6.12 20.08 17.52 7.19 4.12 
.....J 1943 5.85 10.48 4.83 54.09 12 .35 5.95 21.00 17 .39 6.99 4.16 
1944 5.90 10.63 4.76 68.39 12.64 5.79 21.92 17.27 6.81 4.20 
1945 5.95 10. 78 4.80 82.69 12.93 5.62 22.63 17.15 6.63 4.25 
1946 6.00 10.93 4 .85 96.99 14.15 5.52 22 .85 17 .03 6.46 4.29 
1947 6.05 11 .08 4.89 111 .29 16.30 5.54 23 .07 16.91 6.28 4.33 
1948 6.10 11.23 4.94 125.59 18.46 5.55 23.29 16.79 6.10 4.86 
1949 6.15 11.38 4.99 130.93 20.61 5.56 23.51 16.67 5.92 5.42 
1950 6.20 11.53 5.03 120.34 22.77 5.58 23.73 16 .54 5.74 5.98 
1951 6.26 11 .51 5.08 109. 75 24.92 5.59 23.94 16.42 5.57 6.53 
1952 6.36 11.37 5.12 99.15 27.08 5.61 24.16 16 .30 5.39 7.12 
1953 6.46 11 .24 5.06 89.11 29.23 5.62 24.38 16.18 5.21 7.72 
1954 6.55 11. 10 4.97 81 .15 31.39 5 .63 25.90 16.06 5.03 8.19 
1955 6.65 10.97 4.88 73.20 32.23 5 .65 27.92 15.94 4.85 8.17 
1956 6.75 10 .84 4.78 65.24 28.39 5 .58 29.94 15.82 4.67 8.15 
1957 6.84 10.70 4 .69 59.22 23.86 5.48 31.96 15.76 4.60 8.12 
1958 6.94 10 .57 4 .60 55.31 19.32 5.38 33.99 15.85 4.55 7.74 
1959 7.03 10.43 4.50 51 .41 17.56 5.28 36.01 15.93 4.50 7.08 
1960 7.13 10.30 4.41 47 .5 0 16.41 5.18 55.92 16 .01 4.45 6.42 
1961 7 .23 10 .09 4.32 43 .59 15.25 5.08 90.48 16.09 4.40 5.85 
1962 7 .28 9 .88 4.24 39.68 14.10 4.98 125.04 16.18 4.35 7 .. 46 
1963 7 .29 9 .67 4.19 35.77 12 .95 4 .88 145.46 16.26 4.30 9.07 
Year Angora Black Blue Cataract Frederick L Toquart Maggie Pachena Sugsaw Toquart 
(t km-2 v( 1) (t km·2 v( 1) (t km·2 v( 1) (t km·2 vr" 1 ) (t km·2 vr" 1 ) (t km·2 v( 1 ) (t km·2 v( 1 ) (t km·2 v( 1) (t km·2 v( 1) <t km-2 v(1 ) 
1964 7.30 9.46 4 .14 31.86 11.80 4.78 125.68 16.34 4.25 10.68 
1965 7.31 9.25 4 .10 29.72 10 .65 4.68 155. 76 16.43 4.20 9.67 
1966 7.32 9.04 4.05 28.24 10.84 4.58 141. 33 16.51 4.15 8.34 
1967 7.33 8.83 4.01 26.76 11.39 4 .55 126.12 16.59 4 . 10 8.74 
1968 7.34 8.62 3.96 25.28 11.95 4.52 95.20 16.67 4.05 8.32 
1969 7.35 8.42 3.91 23.80 12.50 4.48 64.28 16.76 4.00 7.12 
1970 7.36 8.21 3.87 22.32 13.05 4.45 33.36 16.84 3.95 6.25 
1971 7.37 8 .00 3.82 20.84 13.61 4.42 33.56 16 .92 3.90 5.71 
1972 7.35 7.87 3.78 19.36 14 .16 4.39 33 .7 6 17 .00 3.85 5.16 
1973 7.23 7.91 3.73 17.88 14 . 71 4.35 33 .97 17.09 3.80 4.62 
1974 7.12 7.95 3.72 16.40 15.09 4.32 34.17 17.17 3.88 4.08 
1975 7.01 8.00 3.72 14.92 15.41 4.29 34 .37 17.25 3.96 3.54 
1976 6.89 8 .04 3.72 16.14 15.72 4.26 34.57 17.34 4.04 3.49 
1977 6.78 8.08 3.72 17.42 16.03 4.22 34.78 17.42 4.11 3.56 
'° 
1978 6.67 8.13 3.72 18 .70 16.35 4.19 34.98 17 .50 4.19 3.63 
00 1979 6.55 8.17 3.72 19.98 16.66 4.22 35 .20 17.68 4.27 3.70 
1980 6.44 8.21 3.72 21.25 17.09 4 .27 35.43 17.89 4.35 3.77 
1981 6.33 8.26 3.72 22 .53 18.04 4.31 35.66 18. 11 4.43 3.84 
1982 6.21 8.30 3.72 23.81 19.00 4.36 35.89 18.33 4.50 3.91 
1983 6.10 8.34 3.72 25.08 19.95 4.41 36.12 18.54 4.58 3.98 
1984 6.13 8.52 3.72 26.36 20 .90 4.46 36.61 18. 76 4.66 4.04 
1985 6.29 8.87 3.76 27.64 21.85 4.50 37.22 18.98 4.74 4.03 
1986 6.44 9.21 3.82 28.92 22.80 4 .55 37.83 19 . 19 4.82 4.00 
1987 6.59 9.56 3.87 30.19 23.75 4.60 38.44 19 .41 4.89 3.97 
1988 6.74 9.90 3.93 28.55 24.70 4.64 39.05 19 .63 4.97 3.95 
1989 6.89 10.24 3.98 26.34 25.65 4 .69 38. 71 19.85 5.05 3.98 
1990 7.04 10.59 4.04 24.14 26.60 4.74 36.03 20.06 5 . 13 4.12 
1991 7.20 10.93 4 .10 21.94 27.19 4.79 33.34 20 .28 5.21 4.27 
1992 7.35 11.30 4 .10 19. 73 26.93 4 .83 30.66 20.50 5.28 4.42 
1993 7.50 11. 76 4.02 17 .53 26.67 4.87 33.27 20.71 5.36 4.57 
1994 7.65 12.22 3.94 15.32 26.41 4.90 63.65 20.93 5.44 4.51 
1995 7.80 12.67 3.87 13.12 26.16 4 .94 94 .04 21.15 5.52 4.40 
1996 7.95 13.13 3.79 10.92 25.90 4 .98 75.25 21.36 5.60 4.29 
1997 8.11 13.59 3.71 8 .71 25.64 5.02 31. 12 21.58 5 .68 4.18 
Year Woodcock Tang Pitoney Laurie Upper Summit Wendie Jakes Justine Unnamed Boomerang Secord 
(t km·2 vr" 1) (t km·2 vr"1) (t km·2 vr" 1) (t km·2 vr" 1) (t km·2 vr" 1) (t km·2 vr" 1) <t km·2 vr"1) (t km·2 vr" 1) (t km·2 vr" 1) (t km·2 vr" 1) ft km·2 vr" 1) 
1890 7 91 2 .78 17 . 79 16.05 8 .22 5.40 24 .54 1 .69 118 .00 5 .90 7 .38 
1891 8 .05 2 .73 17 . 72 16.22 8 .18 5.46 24 .39 1.73 120.37 6 .01 7.94 
1892 8 .20 2 .67 17.35 16.40 8 .13 5.53 24 .24 1.77 122 . 74 5.90 8 .50 
1893 8 .34 2 .62 16.98 16.58 8 .09 5.60 24 .09 1 .81 125 .1 1 5.70 9 .06 
1894 8.48 2 .56 16 .61 16.75 8 .05 5 .66 23 .94 1.85 127.48 5.50 9 .62 
1895 8 .62 2 .50 16 .24 16.93 8 .01 5.72 23 .79 1.89 129 .85 5.30 10 .18 
1896 8 .76 2.45 15.87 1 7 .11 7.97 5.65 23 .63 1.93 125.93 5 . 11 10. 71 
1897 8 .90 2 .39 15.50 17.28 7 .93 5 .58 23.48 1 .97 120 .08 4 .91 10.24 
1898 9.04 2 .34 15.13 17.46 7 .89 5 .51 23.33 2 .01 114.22 4 .71 9 .76 
1899 9.18 2 .28 14.76 17 .63 7 .85 5.44 23 .18 2 .04 108 .37 4 .51 9 .29 
1900 9.33 2.22 14.39 17.81 7 .80 5.36 23 .03 2 .08 102 .52 4 .31 8 .82 
1901 9.47 2.17 14.02 17.99 7.77 5 .29 22 .88 2 .12 96 .67 4 .11 8 .35 
1902 9.61 2 11 13 64 15 .87 7.85 5 .22 22 .72 2 .16 90 .81 3 .91 7 .87 
1903 9.75 2.06 13 .27 15 .61 7 .92 5 15 22 .57 2 .20 84 .96 3.71 7 .40 
1904 9.89 2 .00 12 .90 15.35 8 .00 5 .07 22.42 2 .24 79 .11 3.65 6 .93 
1905 10 03 2.00 12 .59 15.09 8 .08 5 .00 22 .27 2 .28 73 .26 3 .63 6.46 
I.O 1906 10 17 1.99 12 .30 14 .83 8 .15 4 .93 22 .12 2 .32 67.40 3 .60 5 .98 
'° 1907 10.32 1.99 12 .00 14.58 8 .23 4.86 21 .97 2 .36 61 .55 3.58 5 .51 
1908 10.46 1 98 11. 71 14.32 8 .31 4.79 21 .81 2 .40 55.70 3.55 5 .04 
1909 10.60 1.98 11.42 14.06 8.39 4 . 71 21 .66 2.44 50.46 3 .53 4 .56 
1910 10.74 1.97 11. 12 13.80 8.46 4 .64 21.51 2 .48 50.77 3 .50 4 .15 
1911 10.88 1.97 10.83 13 55 8 .54 4 .57 21 .36 2 .51 51 .08 3.48 4 .24 
1912 11 02 1.96 10 53 13 .2 9 8 .62 4 .50 21 .21 2 .55 51 .39 3.45 4 .33 
1913 11 16 1.96 10.24 13 .03 8 .69 4.42 21 .06 2 .59 51 .70 3.43 4.43 
1914 11.30 1 95 9.95 12.77 8 .77 4 .35 20 .90 2 .63 52.01 3.40 4 .52 
1915 11.45 1.95 9 .65 12 .5 1 8 .85 4 .28 20 75 2 .67 52 .32 3 .38 4 .62 
1916 11 59 1.94 9.48 12 .26 8 .93 4 .27 20 .60 2. 71 52 .63 3.35 4.71 
1917 11 73 1.94 9.39 12.00 9 .00 4 .31 20.45 2.75 52 .94 3 .33 4 .80 
1918 11. 91 1.93 9 .29 11 .74 9 .08 4 .34 20 .30 2 .79 53 25 3 .30 4.90 
1919 12 10 1 93 9.19 11 .48 9 .16 4 .37 20 .31 2 .83 53 .56 3 .28 4 .99 
1920 12.29 1.94 9 .09 11 .23 9 23 4.41 20 .36 2 .87 53 .87 3 .25 5 .09 
1921 12 48 1.95 8 .99 10.97 9 31 4.44 20 .41 2 .91 54 .18 3 .22 5 .18 
1922 12 67 1 96 8 .90 10. 71 9 .39 4.48 20.46 2 .95 54 .49 3 .20 5.27 
1923 12 86 1 .96 8 80 10 45 9.47 4 .51 20 .51 2 .98 54 .81 3 . 17 5.37 
1924 13 04 1.97 8 70 10.19 9 .54 4 .55 20 .56 3 .02 55 .12 3 .14 5.46 
1925 13 23 1.98 8.60 9 .94 9 .62 4 .58 20 .61 3 .06 55.43 3 .12 5 .55 
1926 13 42 1.99 8 50 9 .68 9 .66 4 .62 20 .66 3 .10 55 .74 3 .09 5.65 
1927 13 61 2 00 8.41 9 .42 9 .64 4 .65 20.71 3.14 56.05 3 .06 5 .74 
Year Woodcock Tang Pitoney Laurie Upper Summit Wendie Jakes Justine Unnamed Boomerang Secord 
<t km·2 vr" 1) (t km·2 vr" 1) (t km·2 vr" 1) (t km·2 vr" 1) (t km·2 vr"1) <t km·2 vr"1 ) <t km·2 vr" 1) <t km·2 vr" 1) <t km·2 vr"1) (t km·2 vr" 1) (t km·2 vr"1 ) 
1928 13.80 2.01 8 .31 9 .16 9 .63 4 .69 20 .76 3 .18 56 .36 3 .03 5 .84 
1929 13.94 2 .02 8 .21 8 .91 9 .61 4.72 20 .81 3 .22 56 .59 3 .01 5 .93 
1930 13.86 2 .03 8 .11 8 .65 9 .59 4 .75 20.86 3 .26 56 .80 2 .98 6 .02 
1931 13.79 2.04 8 .00 8 .20 9 .57 4 .79 20 .91 3 .30 57 .02 2 .95 6 .12 
1932 13 71 2 .05 7.90 7.47 9 .55 4 .82 20 .95 3 .34 57 .23 2 .93 6 .21 
1933 13.63 2.06 7 .79 6 .75 9 .53 4 .86 20 .75 3 .38 57 45 2 .90 6 .31 
1934 13.55 2 .04 7 .68 6 .02 9 .5 1 4 .89 20 .55 3.42 57 .66 2 .87 6 .40 
1935 13 48 2 .01 7 .58 5 .30 9 .49 4 .89 20 .35 3 .46 57 .88 2 .85 6.49 
1936 13 40 1 .97 7 .47 4 .58 9 .47 4 .88 20 .15 3.49 58 .10 2 .83 6 .37 
1937 13.32 1.94 7 .36 4 .15 9.46 4 .86 19 .95 3 .53 58 .31 2 .82 6 .04 
1938 13.25 1 .91 7 .26 4 .33 9.44 4 .84 19 .75 3 .57 58.70 2 .81 5.71 
1939 13.17 1.87 7 .15 4 .50 9 .42 4 .82 19 .55 3 .61 59 .86 2 .79 5 .38 
1940 13.13 1.84 7 .04 4 .68 9 .40 4 .81 19 .35 3 .67 61 .03 2 .78 5 .05 
1941 13 34 1.81 6 .94 4 .86 9 .38 4 .79 19 .15 3 .73 62 .19 2 .77 4 .72 
1942 13 54 1 .77 6 .83 5 .03 9 .36 4 .77 18 .9 5 3.80 63 .36 2 .76 4 .39 
1943 13.75 1 74 6 .72 5 .21 9 .34 4 .75 18.74 3 .86 64 .52 2 .75 4 .06 
- 1944 13.95 1. 71 6 .62 5 .39 9.32 4 .74 18.54 3 .93 65 .69 2 .74 3 .74 0 
0 1945 14.16 1.67 6 .51 5 .57 9 .30 4 .72 18 .34 3 .99 66 .86 2.73 3.41 
1946 14 36 1.64 6.40 5 .74 9 .28 4 .70 18 .14 4 .05 68 .02 2 .72 3 .08 
1947 14.57 1 .61 6 .30 5 .92 9 .27 4 .68 17 .94 4 .12 66 .87 2.71 2 .75 
1948 14.77 1.58 6 .19 6 .10 9 .25 4 .67 18 .10 4 .18 64 .87 2.70 2 .42 
1949 14 98 1 .54 6 .08 6.27 9 .23 4 .65 18 .47 4 .24 62 .86 2 .69 2 .09 
1950 15.18 1.53 5.99 6.45 9 .26 4 .63 18.85 4 .31 60 .86 2.68 2 .11 
1951 15 50 1 52 5 .92 6 .63 9 .28 4 .61 19 .22 4 .37 58 .85 2 .67 2 .13 
1952 16 04 1 .52 5.85 6.81 9 .31 4 .75 19 .59 4.43 56 .85 2 .66 2 .15 
1953 16.58 1 .52 5.78 6 .98 9 .33 4 .95 19 .96 4 .50 54 .84 2 .65 2 .17 
1954 17.12 1 52 5. 71 7 .16 9 .36 5 .15 20 .33 4 .56 52 .84 2.63 2 .20 
1955 17.66 1 .5 1 5.64 7 .29 9 .38 5 35 20 .70 4 .68 51.12 2 .60 2 .22 
1956 18 20 1.51 5.57 7 43 9.41 5 .55 21 .08 4 .83 50 .25 2 .56 2 .24 
1957 18 74 1 . 51 5.50 7 .56 9 .43 5 .76 21 .45 4 .97 49 .39 2 .53 2 .26 
1958 19 28 1 .51 5. 43 7 .69 9.46 5 .96 21 . 70 5 .11 48 .53 2.49 2 .28 
1959 19 82 1 .50 5 35 7 .83 9 .48 6 .16 21.80 5 .25 47 .66 2.46 2 .30 
1960 19 37 1 .50 5.28 7 96 9 .51 6 .36 21 .91 5 .39 46 .80 2 .42 2 .32 
1961 18 01 1 50 5.22 8 .10 9 .57 6 .56 22 .02 5 .53 45 .94 2 .39 2 .34 
1962 16 64 1 49 5 23 8 .23 9 .67 6 .76 22 .13 5 .68 45 .08 2 .35 2 .36 
1963 15 28 1 49 5 24 8 .36 9 .78 6 .96 22 23 5 .82 44 .21 2 .32 2 .36 
1964 13 92 1 49 5 25 8 .5 0 9 .89 7 .16 22 .34 5 96 43 .35 2 .31 2 .37 
1965 12 55 1 .49 5 26 8 .63 10 .00 7 .36 22.45 6 .00 42 .62 2 .31 2 .37 
Year Woodcock Tang Pitoney Laurie Upper Summit Wendie Jakes Justine Unnamed Boomerang Secord 
(t km·2 vr' 1) <t km·2 v( 1) (t km·2 vf 1) (t km·2 vf 1) (t km·2 v( 1) (t km·2 v( 1 ) (t km·2 v( 1) <t km·2 v( 1) <t km·2 vr" 1) (t km·2 v( 1) (t km·2 vr" 1) 
1966 11 .82 1.48 5.27 8 .76 10.10 7 .09 22 .55 6.01 42 .38 2 .31 2.37 
1967 11 .64 1.48 5 .28 8 .82 10.21 6 .80 22 .66 6 .02 42 .14 2 .31 2 .38 
1968 11.47 1 .51 5 .29 8 .82 10.32 6 .50 22.48 6 .03 41 .91 2 .31 2 .38 
1969 11 .29 1.54 5 .30 8 .83 10.42 6 .20 22 .26 6 .04 41 .67 2 .31 2 .38 
1970 11 . 11 1.57 5.31 8 .84 10.53 5 .91 22 .03 6 .05 41 .29 2 .31 2 .39 
1971 10.94 1.60 5.32 8 .85 10.59 5 .61 21 .80 6 .06 40.42 2 .31 2 .39 
1972 10.76 1 .63 5.33 8 .86 10.65 5.42 21 .58 6 .07 39 .56 2 .31 2 .39 
1973 10.58 1 .66 5.41 8 .87 10. 70 5 .32 21 .35 6 .11 38 .69 2 .32 2.40 
1974 10.85 1.69 5.50 8 .88 10. 75 5 .22 21 .09 6 .20 37 .82 2 .42 2.40 
1975 11 21 1 .73 5.58 8 .89 10.80 5 .12 20 .83 6 .30 36 .82 2 .51 2.47 
1976 11 58 1. 79 5 .66 8 .84 10.86 5 .02 20 .56 6 39 35 .63 2 .60 2 .56 
1977 11 .94 1 .85 5 .75 8 .76 10.91 4 .92 20.30 6.49 34 .44 2 .70 2 .65 
1978 12 31 1 .91 5 83 8 .68 10.96 4 .82 20.04 6 .58 33 .25 2.79 2 .75 
1979 12 .67 1 97 5 .92 8 .61 11 .25 4 .81 19 79 6 .68 32 .05 2 .89 2 .84 
1980 12.98 2 .03 6 .00 8 .41 11 .81 4 .83 19 .55 6 .78 30 .86 2 .98 2 .93 
1981 13.13 2 08 6 .08 8 .13 12 .37 4 .84 19 .30 6.76 30 .93 3 .07 3 .02 
- 1982 13 28 2.12 6 .31 7 .85 12 .94 4 .85 19 .05 6 .64 31 .14 3 . 18 3 .11 0 
-
1983 13.44 2 .16 6 .62 7 .56 13 .50 4 .86 19 .00 6 .52 31 .35 3 .30 3 .20 
1984 13.59 2 .2 0 6 .93 7 .51 14.06 4 .88 19 .26 6.45 31 .57 3.42 3 .30 
1985 13.74 2 .23 7 25 7 .82 14.63 4 .91 19 .51 6 .46 31 .78 3 .53 3 .41 
1986 14.12 2 .28 7.56 8 .12 15.05 4 .97 19.77 6.48 31 .50 3 .65 3 .53 
1987 14 58 2 .33 7 87 8 .42 15.28 5 .02 20.02 6 .53 30 .07 3 .77 3 .65 
1988 15 04 2.39 8 .1 8 8 .49 15.52 5 .07 20 .26 6 .94 28 .65 3 .87 3 .78 
1989 15 50 2.45 8 .28 8 .31 16.32 5 . 12 19 .86 7 .35 27 .22 3 .96 3 .90 
1990 15.88 2 .5 1 8 .32 8 .13 17 16 5 .18 19.45 7 .76 25 .79 4 .04 4.03 
1991 16 22 2 .55 8 .36 8.22 17. 79 5 .27 19 .05 7 .95 24 .37 4 . 13 4 .15 
1992 16.56 2 58 8.40 8 .35 18.32 5 .35 18.64 8 .12 23 .56 4 .21 4.27 
1993 16 90 2 .61 8 .44 8.49 18.61 5.43 18.24 8 .32 23 .08 4 .32 4 .33 
1994 17 25 2 63 8 .66 8 .62 18.61 5 .52 19 .52 8 .62 22 .60 4.46 4 .39 
1995 17.59 2.61 9 .10 8.76 19.13 5 .70 20 .19 8 .92 22 .12 4 .60 4.45 
1996 17 93 2.59 9 .53 9 .18 20 06 5 .87 20 .86 9 .00 21 .64 4 .75 4 .51 
1997 18 27 2.57 9 97 9 .77 22 .12 6 .04 21 .52 8 .96 21 .16 4 .89 4 .57 
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'Sediment yield profiles' 
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Appendix 4: 
'Morphometric variables for Cheong's similarity index' 
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Morphometric Variables (Cheong, 1993) 
Catchment characteristic I Description 
Area I the drainage area of the catchment; 
Perimeter I the length of the perimeter of the catchment; 
Main channel length I the length of the longest channel from its point of origin to the outlet; 
Magnitude !the total number of first order streams; 
Lak~ area the total lake covered area within the basin; 
Ice area the total ice covered area within the basin; 
Valley flat extent the total area with a gradient less than 7% and adjacent to the drainage network; 
Steepland area the total area with a gradient of greater than 60%; 
Mean gradient the mean gradient of the drainage basin: 
Drainage density the total channel length divided by the drainage area; 
Elevation relief ratio the proportion of highland and lowland with respect to mean elevation; 
Shape factor the circularity of the basin in relation to basin area and basin length; 
Relief the difference between the highest and lowest points in the basin. 
